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KAILWAY ELECTRIFICATION 1959- 1965* 
IVANOY 
As is indic ated in the preliminary reports of comrade N.S. Khrush« hev at the 


I wentvy-first Congress of the Communist Party of the Soviet Union, there will be 


great changes in the character of the national economy of the U.S.S.R. in the 


period 1959-1965. A very important problem has been posed in the technological 


reconstruction of rail transport on the basis of electrification. The electrification 


of approximately 20.000 km of railway line is envisaged during the seven year 
plan, which is more than twice the length of electrified railway line now existing 
in our country. In other words, in even vears it will be necessary to have complet- 
ed twice the volume of work on railway electrification that has been accomplished 
during all the vears of the existence of the Soviet state. Such a vast scale and 


such a pace have never been witnessed in world practice. 


During the seven year plan the following most important lines will be electri- 
fied: Moscow - Kuibishev - Irkutsk -Dal’nii Vostok, Moscow -Gor’kii Sverdlovsk, 
Moscow - Kazan’ - Sverdlovsk, Karaganda - WVagnitorsk - Ufa, Moscow - Khar’kov - 
Rostov - Vineral’nve Vodv, and others. As a result the network of electrified rail- 
ways will be approximately tripled, and will amount to about 30,000 km or approx- 
imately 20 per cent of the total length of railway in use. Thus roughly 45 per cent 
of the total railway freight traffic will be carried on electric traction in 1965. 


Economies from railway electrification are very great. During the seveu year 
plan fuel savings from the introduction of electric traction will amount to approx- 
imately 150 million tons of conventional fuel. In addition the railways will save 
some 3000 million roubles on operating costs, which far exceeds the capital ex- 
penditure on railway electrification, and makes it possible to implement this im- 
portant measure with capital from the savings obtained. It is appropriate to indi- 
cate here that according to the financial statement of the operation of the railways 
last year, the net cost of transportation for one ton-kilometre carried on electric 


traction was 1.87 times lower than for steam traction. 


he implementation of a number of measures for the utilization of existing 
reserves in electric traction (conversion to long cross-arms, fuller utilization of 
locomotive power by increasing the weight and speed of trains, etc.) will raise 
the economic efficiency of electric traction even higher. 


* Electrichestvo, No. 1, 4-9, 1959. 
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A new trend in the development of power engineering in the country will also 
raise the economic efficiency of electric traction. As is known from the prelimin- 
ary reports of comrade N.S. Khrushchev, the preferential construction of thermal 
electric power stations based on cheap coal, natural gas and fuel oil is planned 
as the principal trend in the development of electric power engineering in U.S.S.R. 
in the period 1959-1965. The main increase in power will be achieved through the 
construction of large, highly economical steam turbine condensation electric power 
stations of 600,000- 1, 200,000- 2, 400,000 kW power. The net cost of 1 k¥-hr 
electric power developed at these electric power stations will be approximately 
half that developed at existing thermal electric power stations. Since the installed 
power of power stations in our country will more than double during the period 
1959-1965, and, as has already been indicated, since the main increase in power 
will take place through precisely the most economical electric power stations sup- 
plying cheap power, the 3500 — 4000 million kW-hr of electric power which will be 
used on electric traction in 1965 will cost the government considerably less. The 
cost of electric power accounts for roughly 15 per cent of the net cost of one ton- 
kilometre freight carried by electric traction. Therefore, a reduction of half the 
cost in even half of the total electric power required for railway traction could 
result in a reduction in the net cost of transport by approximately 3-4 per cent. 


As we move towards such a notable event in the life of our country as the 
Twenty-First Congress of the Communist Party of the Soviet Union, it is fitting to 
sum up some of the results in the field of railway electrification during the period 
separating us from the Twentieth Congress. 

At the Twentieth Congress the Ministry of Communications was subject to 
just criticism for the slow pace of railway electrification. After the Twentieth 
Congress the resolutions of the Central Committee of the Party on a general plan 
for railway electrification brought about a considerable improvement in this situa- 
tion. The tasks assigned in the general plan were fulfilled and surpassed both in 
1956 and in 1957. As a result, in these 2 years alone, more railway line was elec- 
trified than in the whole preceding five yearplan. In 1958 the established plan was 
also surpassed by 1684 km. An evaluation of the present state of the matter is 
given in the preliminary reports of Khrushchev at the Twenty-First Congress of the 
Communist Party of the Soviet Union where it is indicated that “The technological 
Reconstitution of transport is being accomplished on a wide scale. Electric and 
diesel traction are being successfully introduced, which have tremendous advant- 
ages over steam traction and are of decisive value in providing a continually rising 


volume of transport”. 


The provisions for the completion of the railway electrification programme in 
question bring up the extremely important problem of securing a reduction in the 
cost of these operations. Although the estimated cost of the electrification of 
1 km railway line has on the average decreased somewhat in the last 3 years, it 
still continues to be extremely high, exceeding the established standards. 


Capital expenditure on railway electrification is determined on the basis of 
an average cost of 600,000 roubles per km. However, in a number of cases, railway 
electrification projects are actually carried out where this cost reaches 700, 000- 


900,000 roubles and more. 
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The reason for the increased cost of electrification is the inordinately high 
expenditure of the Ministry of Transport Construction on individual items (above 
all on contact grids), and also the practice of including in the estimates a large 
number of concomitant works which should in no way be financed in the electrifi- 
cation estimate. The erection of contact grids is particularly costly and amounts 
to 40 per cent of the outlay for railway electrification (excluding rolling stock). In 
turn, the cost of reinforced concrete poles and their installation accounts for a 
considerable proportion of the cost of the contact grid. The Ministry of Transport 
Construction produces these poles at a price of 1200 roubles per cubic metre, 
whereas the most expensive reinforced concrete which the designs call for costs 
about 800 roubles per cubic metre according to the prices set by Office of State 
Construction, (Gosstroi). 


Research carried out at the former Moscow Institute of Transport Economics 
has shown that the cost of reinforced concrete for the contact grid poles can cert- 
ainly be reduced to the given figure, 800 roubles per cubic metre. It should be 
noted that according to the rates approved by the Office of State Construction and 
the State Planning Commission, the cost per cubic metre of reinforced concrete 
for poles of 6-10 kV electric transmission lines has been set at 850 roubles for 
the Ministry of Electric Power Stations. This also points to the excessive cost of 
reinforced concrete for contact grid poles according to the Ministry of Transport 
Construction. 
There has also been a considerable rise in the cost of concrete for the cons- 
truction of traction sub-stations in which lower quality concrete is used. Due to 
the use of low power polygons for the manufacture of concrete, the cost of stand- 
ard concrete has increased 2-3 times, as for instance in the case of the construc 
tion of the Tarusskaia and Reviakino traction sub-stations in the Serpukhov-Tula- 


Skuratovo section of the Moscow-Kursk-Donbas railway. 


lhe wide spread practice of the Ministry of Transport Construction of instal- 
ling poles, as a rule, in “windows” has quite a large effect on the rise in the cost 
of electrification. The cost of installing a single reinforced concrete pole in a 
“window”, i.e. closing runs approximately 1.5 hr in duration, amounts to 525-645 
roubles, whereas if these poles are installed in a “field”, the cost of the instal- 
lation of a single pole will be only 175 roubles, i.e. 3-4 times less. 


The standard values for the installation of poles, which can be reduced 
2-2.5 times as the experience of leading collectives has shown, are also in need 


of revision. 

In the future seven year plan a great step will be taken along the road of 
technological progress in the field of railway electrification. The decision has 
been made for the wide introduction on the railways of the progressive new system 
of a.c. electric traction of line frequency which will make it possible to reduce 
capital expenditure, decrease copper consumption, shorten construction periods 


and also curtail operating costs. 


Of the 20,000 km of railway line subject to electrification which are consider 
ed in the preliminary reports of Khrushchev at the Twenty-First Congress of the 
Communist Party of the Soviet Union, no less than 11- 12,000 km will be electrified 
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according to this new system. Apart from savings in capital expenditure, this 
measure should save the government not less than 35- 40,000 tons of copper. If 
consideration is made of the 30-40 per cent reduction in labour time which is 
obtained with a.c. railway electrification, it becomes clear how important the ap- 
plication of this new system of electric traction is for the realization of the huge 
scale and pace of the work projected in the seven year plan for railway electrifica- 
tion- 


In the period 1959-1960 railways having such an exceptional density of 
freight traffic as the Krasnoiarsk, the western sections of the L-astern Siberian 
railwav and a number of others should already be conv erted to a.c. electric traction. 
his important new step in railway electrification requires particularly careful 
training in and very rapid mastering of the new system of electric traction in con- 
ditions of extremely high freight traffic density in regions having sharply defined 


continental climate, (i.e. extreme climatic conditions). 


Electric traction will operate on a single-phase line frequency current with a 
voltage of 25 kV in the contact conductor. After considering the results of tests 
of the new mark N-60 six-axle a.c. electric locomotives of 4200 kW power, the 
Novocherkassk Electric Locomotive Plant should supply 60 such engines to the 
railwavs in 1959. In addition a collective from this factory will develop and 
produce in 1959 two experimental models of an eight-axle a.c. electric locomotive 


of approxin ately 5600 kW power. 


ests of the mark N-60 electric locomotives on the Ozherel’e-Pavelets test 
section of the Moscow-Kursk-Donbas railway have substantiated the previously 
made assumption of the superiority of the traction characteristics of these electric 
locomotives over those of d.c. electric locomotives. It was found, in particular, 
that the coefficient of traction of mark N-60 electric locomotives is 10-15 per cent 
higher than of similar d.c. locomotives, which makes it possible to haul a train of 


greater weight with the same drawing weight in the a.c. locomotive. 


lhe Rizhskii Railway Coach Plant will produce experimental models of the 
a.c. electric locomotives mark E-R-7 with ignitions and mark ER-8 with a.c. com- 


mutator motors. 


\ larce number of factories are beginning the production of the new types of 
electrical equipment for the power supply installations of the railways to be elec- 
trified on alternating current. 

The Moscow Transformer Factory has developed and produced the first 
31,500 kW power transformer with 110/27.5 kV voltage for a.c. traction substations; 
the development and preparation for production of transformers for natural require- 
ments. metering transformers for supplying line consumers between stations from a 


contact grid of 25 kV and so on are being com »leted. 


The “Uralelectroapparat” Factory has developed and produced the experi- 
mental model of a single-phase feeder circuit-breaker (VMO-35) for an a.c. contact 


grid, and is preparing for their batch production. A new type of switch (27.5 kV, 


a.c. 3.3 kV, d.c.) has also been developed for junction stations. 


he All-Union Lenin Institute of Electrical Engineering has developed a 
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cifcuit-breaker of 27.5 kV power and 250 A for an a.c. contact grid, and tubular 


7 « 


dischargers of 27.5 kV power. 


The “Armset” Trust has developed a new type of rod (“stick”) insulator of 
27.5 kV. 


The “Azovkabel” Factory is designing a special communication cable for 
lines to be electrified on alternating current, a considerable quantity of which 
should be supplied in 1959 for the electrification of the Krasnoiarsk railway. 


However, there are still some technical problems requiring a certain amount 
of final work to raise the efficiency of a.c. electric traction even higher. These 
problems include: making more precise the methods of calculating transformer 
power at traction substations and means of reserving transformers. developing the 
most efficient measures for limiting current and voltage asymmetry. methods of 
improving the power factor, the most advantageous means of connecting d.c. and 
a.c. electrified stations, and so on. 

In three-phase step-down transformers used for a.c. traction substations 
questions arise in connexion with unbalanced phase loading, since one of the 
phases is underloaded in such a three-phase transformer. If the transformer power 
is determined according to the most heavily loaded phase, the rated power of the 
transformer will obviously be excessive. Actually, due to the lower mean oil tem- 
perature, the rated power can be reduced by the introduction of a temperature coef- 
ficient less than unity, which could result in a reduction of roughly 10 per cent in 
the transformer power. However one of the three transformer phases is underload- 


ed as before. 


Therefore the consideration of other possible traction substation circuits is 
of great interest. Here there is a possibility of using single-phase transformers 
for instance. The suggestion of the All-Union Scientific Research Institute of 
Electric Power for the construction of three — and two — phase transformers for 
traction load supply should also be given study. 


It stands to reason that in both of these cases separate transformers would 
have to be set up to supply three-phase local power consumers. At the same time 
the application of these circuits is capable of improving current and voltage asym- 
metry, which is valuable not only for the generators supplying electric traction, 
but also for the local power consumers connected to the traction substations. 


It is also known that three — and two — phase circuits of the Scott type test- 
ed abroad have not received wide application, since the initial expenditure is 
great and asymmetry is absent in the three-phase network only when the loads on 
both phases and balanced on the side of the traction current. This all demonstrates 


the necessity of a serious study of these questions. 


In addition it is necessary to clarify the means of holding transformers in 
reserve, and to verify the value of establishing reserves after determining their 
individual power. In this, consideration must be made of the presence at traction 
substations of two transformers supplied from different transmission lines, the 
high reliability of transformers as electrical equipment, and the possibility of 
their overloading by 140 per cent during conditions of faulty operation for 5 days 
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according to the “Regulations for the Installation of Electrical Equipment” 
(1957). It should also be made definite to what extent it is in fact possible to 
obtain supply from adjacent traction substations in cases of fault. 


The problem of increasing the power factor in the contact grid and at a.c. 
traction substations is of extremely great significance not only from the point of 
view of decreasing power losses, but also for providing the necessary voltage 
conditions on the locomotive pantograph. 


As experiments have shown, the power factor of the mark N-60 electric loco- 
motive reaches a value of 0.85. However the inductance of the contact grid and 
the traction substation transformers lowers it to a value of the order of 0.8 on the 
supply side of the traction substations. The All-Union Scientific Research 
Institute of Railway Transport recommends series compensation of reactive power 


with the aid of static capacitors adjustable for traction substations in order to 


improve the power factor to 0.9-0.92. 


Examination should be made of the desirability and the practical feasibility 
of the utilization in a.c. locomotives of synthetic switching circuits developed at 
the Kiev Polytechnical Institute, which improves the power factor considerably 
with a smaller number of capacitors than in the usual compensation circuits. In 
addition, reactive power compensation on the electric locomotive itself improves 
the voltage conditions in the contact grid considerably. The Novocherkassk Klec- 


tric Locomotive Plant should be drawn into the Solution of this problem. 


In the present seven year plan, considering the considerable scale of the in- 
troduction of a.c. electric traction and the great length of the existing d.c. elec- 
trified lines, it will be necessary to “junction” a.c. and d.c. sections at a number 
of points, which presents a problem of considerable technical complexity. In prin- 
ciple the connexion can be carried out. a) by changeover switching in the contact 
grid, which is carried out at the junction station when a direct or alternating cur- 
rent is supplied to either station track, depending on what type of electrical loco- 
motive the route is prepared for, and 5) with the use of a “junction” electric loco- 
motive designed for operation on both types of current. In some cases “diesel 


installations” can be used as a temporary measure. 


For operating tests of the junction system according to the first method, a 
junction bank was set up and put into continuous operation from May 1958 at 
Ozherel’e station of the Voscow-Kursk-Donbas railway which is a large scale 
railway terminus having a large marshalling vard. For the first time in world 
practice, the connexion of electrified sections having two types of current was in 
general accomplished at this complex station. The contact grid of the junction 
vard at this station was divided into a number of sections by sectional insulators. 
Each section can be connected to a feeder of alternating or direct current through 
disconnecting switches. The latter are grouped in spe« ial formations (“bridges”) 
for supplying several sections. Control of the contact grid disconnecting switc hes 
is incorporated into a single system with route-relay centralization (MRTs) of the 
yard. and is carried out remotely from the MRTs post. In preparing the route for an 
electric locomotive operating on a given type of current, the personne! at the MRTs 
post connect the appropriate disconnecting switches by remote control in addition 
to setting the required position of the switches and signals. Although after a half 


| 
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year’s operation in the course of which about 100,000 different switchings have 
been made, there have been no essential difficulties in train movement due to in- 
correct operation of the equipment in the junction yard. It became necessary, how- 
ever, to improve a number of elements. Efforts had to be made to eliminate the 
unwieldiness and complexity of the power equipment, to make substantial improve- 
ments in the design of the disconnecting switches switching in the contact grid 
sections from one type of current to the other, to improve the drive gear particu- 
larly (the number of failures in switching due to incorrect operation of the discon- 
necting switches was 0.2 per cent of the total number of switchings made), to im- 
prove the design of the section insulators, to provide verv reliable protection 
from the connexion of a 25 kV alternating voltage into the traction substation 
equipment and 3kV d.c. electric locomotives, and to find solutions guaranteeing 
the protection of switchgear from atmospheric effects, and so on. 


Besides contact grid junctions, the use of electric junction locomotives is 
justified in certain cases. The latter have the advantage that the operation of the 
junction station is not complicated by multiple switchings in the contact grid. 
However the design of these locomotives requires that certain difficulties be over- 
come resulting from the natural desire that they be built so as to differ little in 
weight and cost from the usual electric locomotives. Here the given power ratio of 
the locomotive on both types of current is an important problem. If it is required 
that the power of the locomotive to be same both on alternating and direct current, 
there is quite a considerable complication in the design of the locomotive, and 
consequently an increase in its weight and cost. If the power of the locomotive is 
limited, particularly on direct current, it will move at reduced speed past the d.c. 
junction station, which in its turn results in reduced traffic capacity of the station. 
However, during parallel grouping of the station yards the junction locomotive will 
move with reduced power under a contact grid which does not have its basic type 
of current only for a comparatively short section of track, and this does not have 
a noticeable effect on the traffic capacity of the station. Consequently, for this 
type of junction station an effort should be made to find technical solutions for a 
rational and economical junction locomotive design. Modern engineering can solve 
this problem. 


The possibility of inspecting the live 25kV contact grid, as occurs in the 
3kV direct current contact grid, is of great significance for railway lines electri- 
fied on alternating current. On assignment from the Board of Transport Power the 
ORGRES Trust developed and tested experimental models of insulated towers for 
a contact grid of 25 kV, which permits the solution of the problem posed above. 


The possibility of operation with such towers in a live contact grid is very 
important not only for the sections themselves which have been electrified on al- 
ternating current, but also for junction stations where the contact grid is switched 
to both types of current. 


A series of measures directed towards raising the standard level of d.c. elec- 
trified sections will be carried out in the future seven year plan. Here it is a 
question of the use of sealed mercury and silicon semiconductor rectifiers, the 
introduction of new traction substation circuits (bridge, cascade, etc.) and more 
improved designs of quick-acting circuit-breakers, dischargers, and so on. 
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Fully substantial conditions already exist for the practical introduction of 


sealed mercury rectifiers, which have a number of incontestable advantages over 


evacuating rec tifiers. 


The conversion to single-stage transformation at d.c. traction substations 


i the utilization of bridge and cas« ade circuits leads to a reduction in the re- 


an 


juired number of transformers and in the cost of traction substations, and also 


raises their efficiency 


Recuperative braking will be applied considerably more often. The last two 
vears have seen definite advances in the development and introduction of power 


recuperation circuits with ballast resistances in traction substations, and also in 
ding of inverter assemblies In this a large role has been play ed by the 
of the Interdepartmental Lommittee on Flectric Power Recuperation at 


entral Administration {the ientific -b.ngineering Society of Railwaymen, 


§ factories, scientific institutions and railways 


ordinates the activity 
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ents made by the Mosc ow Institute of 
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Ufimek, Southern Ural, ete 


production of lectric locomotive meters will con- 


nent rf recuperative braking, since it will create 


interest on the part of locomotive crews in conserving electric 
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control gear, it is important to make a correct delineation of the operations to be 


performed by automatic means and by remote control. 


Automatic equipment supplemented by the latest cyberretic devices should 
make it possible to maintain automatically the optimum operating conditions for 
power supply installations, simultaneously eliminating faults in the operation of 
individual components in these installations, and thus relieving despatch person- 
nel from the performance of these operations by means of remote control and auto- 


matic remote control. These problems require study and practical solution. 


4 solution must also be found for the problem of the utilization of radio-relay 
communication channels for remote control of the power supply installations in an 


electrified section Lhe problems in « ymbining the despat hing of a railway sec- 


tion with a view to creating a single comfy lex svstem which would embrace not 
only the functions of a central! tral lespatch office but also control the power 


suppiy installations must aiso be solved in the future. 


In the present seven year plan a significant place will be given to the appli- 
cation of powerful semiconductors in the tex hnology of railway electrification. lo 
begin with they will be used in a. electric rolling stock instead of mercury rec- 
rifiers. Silicone rectifiers will in the near future appear first on electrical motor- 
wagon sections and then on electric locomotives Therefore, the sign ific ance 
which must be attached to the study of all problems connected with the production 
of powerful silicone rec tifiers having the required parameters, and to their appli- 


in electric traction is apparent 


A serious problem lies in supplying electric power to non-traction consumers 
after railway ele rific ation As 18 indicated in the prelin inary reports of 
Khrushchev at the I wenty-t irst Longress of the Communist Party of the Soviet 


inion. “The future seven year plan will be a decisive step in the realization of 


Lenin 8 con ept of the uniform elec trification of the country The conversion of 


railways to electric traction make it possibile to resolve this most important 


problem relative to the conditions of rai: trar 


Lue to the present e of the t igh-power electri power supply system running 

along the rail bed on ele trified lines, eciectric power Is availabie not oniy to ali 


branches of railway operation at stations a! lone the track including tr ack 
potentialities are ais reveaied for supplying electric 


f 


operation mechanisms, but 
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power to areas adja ent to tne railways, including state an 


Taking power directly from the contact grid aion d.c. electrified railway 

line is rather di ffic uit i practice In wrder to supy nower to iine consumer©rs a 
special three-phase line of iV kV must be hung on the contact grid poles, which 
i mat 


necessitates additiona hutiay in capital ane aterial, and moreover somewnat 


complicates the operation f the contact grid 


The problem of setting up “longitudinal power supp?) is considerably sim- 
fied in the presence of an alternating current in the « ntact grid. Power from 


pil 


the ymntact conductor can be used for illumination purposes after installing the 
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(contact conductor, rail, additional phase), as has been done in the Ozherel’e- 
Pavelets test section of the Moscow-Kursk-Donbas railway. 


Calculations made by the Leningrad Institute of Rail Transport Engineers 
have shown that line consumers can be supplied easily at minimum expense from 
an a.c. traction grid in quite considerable quantities, i.e. 400-5000 kW in a feeder 
zone of 35 km, which means a specific three-phase power take-off value of 80- 
120 kW/km (at cos & = 0.8). 


Thus in the conversion of railways to electric traction, particularly line fre- 


quency a.c. electric traction, very great possibilities are rev ealed for the complex 


electrification not only of rail transport, but also of the neighbouring areas. 


(he realization of the general plan adopted by the Central Committee of the 
Communist Party of the Soviet Union for the electrification of railways, and the 
fulfilment of the seven year plan for the development of the national economy 
will raise rail transport to an even higher technical level, and in addition will 


implement the uniform electrification of the country. 


Translated by .J.C. Griffiths 


BASIC SYSTEM PRINCIPLES OF AUTOMATIC CONTROL OF 

FREQUENCY AND ACTIVE POWER IN INTERCONNECTED 

POWER SYSTEMS AND THE SINGLE POWER SYSTEM (EES) * 
I.M. MARKOVICH 


(Received 16 August 1958) 


Single power system control (on the EES) is one of the most difficult problems. 
The peculiarities of the system of EES are such that to control it, at the same 
time obtaining maximum efficiency and sufficient reliability in the operation of 
this enormous system, is impossible without extensive use of automatic and 
computing apparatus. However, before working out structural systems of automatic 
and computing apparatus it is essential to examine the principles of the basic 
system of automatic control of EES after having subjected to scientific analysis 
and generalization the total complex of problems connected with the system of 
EES. In the first place the basic system principles of automatic control of fre- 
quency and distribution of active power in EES which are most complicated, must 


be investigated. 


The problem of distributing active power in an interconnected system on such 
a scale as EES is particularly difficult. The solution of this problem requires 
lengthy efforts, which are justified by the great savings which can be obtained as 
a result of developing methods of establishing optimum conditions. 


In this article the author attempts to produce a preliminary evaluation of a 
series of fundamental questions in the field of system control principles for an 


interconnected power system and the EES. 


The basic functions of automatic control in conditions of complex intercon- 
nected power systems and the EES 


These functions are as follows: 


(a) Automatic maintenance of frequency in every combined system at a level 
satisfactory to all consumers both in normal and in fault conditions. In fault con- 
ditions it may be assumed that the greater the deviation of frequency from its 
norma! values, the less probable is a given fault condition. The limits of permis- 
sible frequency deviations must be standardized. As a first approximation it is 
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desirable that the deviations of the average frequency* should not exceed 
+ 0.05-0.1 c/s in the normal system ard + 0.25 c/s in the fault system. The 
limits of permissible deviations of momentary frequencies are not standardized, 
since it is not expedient to counteract it, and, moreover, as will be shown below, 
the deviations are sufficiently small in large interconnected systems. 


(6) Automatic maintenance of mean values of inter-system power flows at a 
level which is economically favourable. Here the reserve of static stability of 
inter-system connexion for normal and post-fault conditions must not be reduced 


contrarv to standard values. In determining the reserve of static stability the in- 


cidental deviations of inter-system power flows which are unfavourable in sign 


must be taken into consideration. In the presence of faults which abruptly reduce 


the reserve of static stability of inter-system connexions, inter-system power 


flows must decrease quickly enough and automatically to those values at which 
the reserve of stability would not be lower than the standard value (e.g. of the 
order of 10 per cent). In order to avoid taking into account incidental and transient 
load variations, inter-system power flows must vary sufficiently slowly (monoton- 
ously). The rate of their change must correspond with the rate of change of the 
average loads of the less large power system, since the latter speed is the upper 
limit for the rate of flow changes (cf. below). The rate of change of the average 
loads of the less large power system must be determined experimentally. 


(c) The capacities of non-control stations and average capacities of control 
stations in each power system coming into EES must also automatically change at 
a sufficiently slow (monotonous) rate. Their rate of the change must correspond 
with the rate average load change of each given power system. The changes must 
conform to the economic distribution of power in a given power system for a given 
economical power flow into other power systems and at normal frequency. 


Primary regulators 


As will be shown below, incidental fluctuations of frequency, caused by in- 
cidental variations of the total load in such a large interconnected power system 
as EES, are limited by the action of the automatic speed governing of the prime 


movers i.e. primary regulators. The greater the capacity of the power system 
combination, the less the relative value of an incidental variation of the total 


load. 


Experimental studies made abroad have shown that the value of incidental 
load variation in Western European combinations is proportional to the square 
root of the total load. This tallies with the idea that with an increase in the ca- 
pacity of power systems the number of power receivers increases approximately 


in proportion, whereas their capacity does not. 


If the average capacity of power receivers were to increase in proportion to 
the increase in the capacity of the power system, but the number of them remained 
constant, then the value of the incidental variation of load would theoretically 


* For average frequency here read its mean value for the period which is many times 
reater than the duration of the incidental fluctuations of frequency, for instance 
1 ) 

200- 300 sec. 
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increase in proportion to the total load in the first degree. In actual fact, in a 
combination of existing power systems, the value of incidental load variation 
must increase approximately in proportion to the square root of the total load of 

the combination. Futhermore, with an increase of a combination, which is not ef- 
fected by connecting other power systems, the value of incidental load variation 
must increase in proportion to the total load in that degree which an index equal 
to 0.5-1, and in the first approximation, 0.75.* 


rests, carried out in 1957 in the power system of the Central European 

region of the U.S.S.R., showed that incidental fluctuations of frequency in a de- 
controlled system in a working day consisted of 0.03-0.1 c/s, which tallied with 
incidental deviations in load of up to 2-2.5 per cent. When the power capacity of 
the LES was increased 3-5 times by connecting up the power systems of the Ural, 
Central and Southern European regions of the U.S.S.R., the relative incidental vari- 
ation of total load decreased 1.73 - 2.23 times, i.e. became approximately equal to 
1 per cent of the total load, and the probable incidental deviations of frequency 


were as follows: 


0.01 


= 


where S — internal average statism of EES (statism of primary regulators and 
load), normally fluctuating within the limits 5-20 per cent’; 


p — reserve factor, equal to the ratio of the power of the rotating machines 


to the overall load. 


When p = 1.1 (reserve 10 per cent) and S = 5 per cent, \f = 0.00045 or 
0.0225 c/s, and when S = 20 per cent \f = 0.0018 or 0.09 c/s. 


When the capacity of EES is further increased 2-4 times, the comparative 
incidental variations of load must decrease, it seems, 1.19-1.45 times (2°75 - 
4°°*5), since the increase in the total load will be partially linked with the in- 
crease in the capacity of individual receivers. Incidental variations of total load 
here amount to 0.84-0.70 per cent, and corresponding with these, the incidental 
fluctuations of frequency, where p = 1.1 and S = 20 per cent,are 0.0755 - 0.0633 c/s. 


In this way one can assume that, with normal values of statism, incidental 
frequency deviations in EES not only do not exceed 0.1 c/s, but will be substan- 
tially less than this value, and that, consequently the use of secondary regulators 
for limiting incidental fluctuations of frequency is not required, since this is 


secured by primary regulators. 


Variation of the average load of a combination in the absence of secondary 


* F. Kaen. The international interconnexion of power and its technical problems. Report 
to the Belgian Electrical Association Conference. Bull. Soc. Belge Electr., No. 3, 


1956. 
t A statism of 20 per cent corresponds to the absence of a reserve in the majority of 


power stations. 
Statism is defined as the deviation of the controlled magnitude on rated load from its 


value on no load, expressed as a percentage, of its value at no load. 
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regulators leads to a considerable variation in average frequency. A variation of 
total load, leading to frequency deviation to 0.1 c/s, can be determined by the 


following formula: 


from which it follows that variation of the load of the system of 4 per cent corres- 
ponds with a statism of 5 per cent, but a variation of 1 per cent corresponds with 


a statism of 20 per cent. In this way small variations of total load (1-4 per cent) 


already lead to frequency deviations to 0.1 c/s. 


The total load of EES deviate within wide limits, therefore automatic main- 


tenance of intermediate fre yuene ies requires the use of automatic frequenc vy regu- 


lators or frequency and capacity regulators (secondary control). 


he possibility of sudden fault reductions of the output of power plants is the 


second cause of the inadequacy of primary regulators for frequency maintenance 
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When there is a fault reduction of distribution power to \P;, frequency deviation 


can be determined by the formula: 


* non fnom 


In the case of fall-out in a large power station the possible fault reduction of 


operating power amounts to about 10 per « ent rated cap ac ity. In order to limit the 


fre quency deviation to a value of 0.25 c/s (0.5 per cent), if is necessary to have 
an internal statism of the system of not more than 5 per cent, which is very di ffi- 


cult to ensure. When the statism is 20 per cent the frequency deviation reaches 


1 c/s. which is inadmissible. It is impossible to maintain a frequency deviation 


within the limits of + 0.25 « by means of only one primary control. It is neces- 


sary to use sex ondary (astatic) regulators or secondary regulators with a small 
statism for quick and complete mobilization of all the internal reserves of a power 


system. Finally in this case it is essential to have a sufficient power reserve. 


Secondary control 


(me more important fun tion linked with the contro! of inter-system power 
flows with poor connexions is related to the se« ondary control functions shown 


f power systems with poor connexions. 


above in a combination | 
In the absence of secondary regulators the deviation of inter-system power 
flows can be determined in the following way 


For simplicity let us examine two power systems — A and B with fixed rated 


power plant outputs Pa nom and actual power plant outputs and Pp, 
Let the load of the system B be increased to ?g;; then 


and loads P 4; and Pp, 
the total deviation of inter-system flows P...) is determined in the following way 


0.1 
| 
A AP A S 


is 


where 54 and Sg — values of internal statism of power systems A and B (in 
relative units). 


Summing and taking into account that P4;. + Pais = 0, we obtain: 


AP 
By 
‘nom 


A) 


Anom B nom 


SB 


inom 
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SPB) ‘nom 
‘nom i f B nom SA 
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Introducing the overall statism of the combination; 


P P 
4nom Bnom 
\ nom Ps nomi Pp nom 


>B 


we shall obtain simpler formulae: 
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In this way the variation of inter-system power flows is greater, the greater the 
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ratio of the cpacity of the system to the tota! cpacity of the combination and the 


less the ratio of the statism of this system to the total statism. 


At the limit when the capacity of system A approaches the total capacity of 
the combination (P4,om ® PRnom). PAis approaches Pg), i.e. the fluctuations 
of the inter-system current are close to the load fluctuations of the consumers of 
system B. 

If the carrying capacity of the interconnected system is commensurate with 
the inter-system power flow, then incidental load fluctuations of one of the power 
systems can lead to unpleasant consequences. Therefore secondary regulators are 
also called upon to control the inter-system power flows in respect of poor con- 
nexions. 

Secondary frequency control using an inter-system power statism criterion 
has obtained wide circulation at the present time in power system combinations 
abroad: such a control, sometimes called abroad control by the “frequency - 
power” criterion, guarantees astatic maintenance of frequenc y and inter-system 
power flows, although a large number of power Sy stems can be set up in the 
control. Astatism is only ensured if the algebraic sum of the settings of the inter- 


system power flows equals zero. 


In fact, for each power system the following criterion ts applied 
Aj 4+-adP 
is 


or in the common form (for power system A) 


0, 


Summing the equations for separate power systems and assuming that > \P is 


we obtain: 


i.e. \f = O and, therefore, for each system AP; = 0. 


In normal conditions, when there are incidental fluctuations of total load and 
frequency, comparatively small incidental fluctuations of inter-system power 
flows will emerge, which one cannot ignore. When there is a slow variation of 
total loads, the given control system covers all variations of load in the given 
system by its power plants, and ensures the constancy of frequency and inter- 
system power flows, which can interfere with the requirements of the maximum 
efficiency of the system. Therefore when there are substantial variations in total 
loads, it is essential to alter the settings of the inter-system power flows in ac- 
cordance with economic requirements. In the case of poor connexions the perform- 
ance of this function can be outside the scope of secondary control. 
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In the presence of a fault in any power sy stem, ¢.g. the first, and with auto- 


matic utilization of all power reserves in the power plants of the system which 


can be regulated by se ¢ ondary control, we obtain the following contro! criteria 


For the first system 


nom D 


nom 


where 5S, internal statism of first system (of primary regulators and load) taking 
into account fault reduction of power D (difference between lost power 
and mobilized reserve); 

. rated capacity after the fault. The previous criteria of secondary con- 


inom 
trol stay in operation for the remaining n — | system; 
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whence 


For the first system 
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stations), then 


For other systems, e.g. the second, 


The value of the statism of the secondary control for each | 


If S< is very great (inthe absence of sufficient reserves in the decontrolling 


wer system must 


be so selected that in the presence f probable faults, the overloading rf mnex- 
« ie limited by values which are permissipbie in operatir speciticavions ), 

Stal t elay protection, et Here it is desirabie t mit treque y deviation 1960 
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(6) by imaginary statism 


(c) by the integral criterion 


Rdt 


(d) by a combined criterion of the Pillot type 


R+k AP, +1, (Rdt =0 


Selection of one criterion or another depends on economic considerations and 
is linked with the capacity and regulating potentialities of individual power plants. 
Without telecontrol channels it cannot suc« eed. since transmission of the value 


R or {Radt in all plants is essential. 


Only that contro! system can be of interest where stable steady variations of 
the mean values of frequenc y and of inter-system flows act on the secondary regu- 


lators. In this case the integral criterion can be effec tively emp! ved, since the 


mean value R is determined for a known veriod by means of the element {Rdt. 


However in view of the fact that in the presence of faults it is impossible to 
stop the reaction to juick variations of R, it is apparently most expedient to em- 
ploy the con bined criterion, after making the apparatus for measuring R more 
coarse, in such a way as to tune out in¢ idental fluctuations In this case, as also 
in the case of using the integral criterion, the duty R = 0 is performed astatically, 


but in cases of fault the secondary control acts more effectively. 


Economic control 


kven in the case of an isolated power system, the addition to the centralized 


secondary control (frequency control) of that load distribution function which would 


minimize fuel consumption or expenditure on fuel. would be associated with sub- 


stantial difficulties. 


l'o attach this function to a se¢ ndary contro! it would be necessary to extend 
it to all the plants which participate in economical distribution, which is not 
alwavs economically expedient, since the installation of a large number of tele- 

vntrol channels is required. In cases of fault the assistance of control plants can 


prove to be retarded, since in the first plac e they will assist those plants, which 


are economie al \ favourable to loa i. 
In a combination of power systems, and all the more so in such a powerful 
one as the EES, the work is even more complic ated. In the case under considera- 
tion it is very difficult to control operatively an economical distribution of load 


from one centre, owing to the large number of territorially remote stations and the 
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necessity, irrespective of ec onomical considerations, of aiding all power systems 
when a fault occurs in any one particular power system. Therefore, in many cases, 
especially in the | KS, it is reasonable to separate the economical distribution of 
loads, after having accomplished it by the operation of a special form of control — 


economical or tertiary control. 


[he speed of this control must approximately correspond with the speed of 
variation of the total load of the entire combination and of the individual power 
svstems. but it must be less than the working speed of the secondary control. 
Owing to the smoothing of the load graph (the latitudinal alignment, the difference 
in the character of the graphs, etc.) the relative speed of load variation in the EES 
will be less than in individual power systems and in large combinations. There- 


fore the speed of the tertiary contro! must not be very great. 


The tertiary control, which does not alter frequencies in the EES, must dis- 


tribute loads so as to guarantee, on the one hand, the minimum cost of supplying 


power to the consumers (taking into consideration expenditure on the stations’ own 
requirements and losses in the grids) and, on the other hand, maintenance of ade- 


quate ranges of load adjustment in stations which control frequency and inter- 
system power loads. The apparatus for putting such a control into practice was 
first developed in the Power Institute of the Academy of Science of the U.S.S.R. 
(1946-1947) and, in abbreviation, called RAN. Further evolution of the RAN idea 
led to the emergence of various automatic and semi-automatic tertiary control 


devices. 


From the point of view of reducing capital expenditure on control apparatus it 


is reasonable to divide tertiary control into two types: 


(1) intra-system, which is similar to the control in the isolated power 


system, 
(2) inter-svstem — for the economical distribution of loads between individual 


power sy stems. 


lhe first type of control, which does not alter the tuning of the secondary 
control on the specific value of the inter-system current, must distribute the loads 
between the individual power stations of the power system in accordance with 
economic criteria. The loads of power stations, which are not involved in second- 
arv control, must be set by means of telecontrol channels or verbal instructions, 
and the loads of stations which are involved in secondary control by way of vary- 


ing the power setting, i.e. of average loads. 


For the realization of the first type of tertiary contro! (intra-system) from one 
centre (centralized control), there must be at the distributing point of the system 
a RAN device. in which the determination of the economice! load distribution can 
take place under the supervision of the distributor in accordance with the 


criterion: 
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where ¢,, ¢, — relative increments in the cost of thermal stations; 
«&, ¢ — relative increments in water consumption in hydro-electric 
stations; 
Ay, Ay — coefficients, selected on the basis of desired water consumption, 
determined from the load dispatcher graph of flow distribution; 
0,,0, — relative increments in grid losses; 
o — relative increment of system. 


The outputs of all power stations, involved in economical distribution, are 
fed to the input of this apparatus and the coefficients A and o are established. 
After making a precise calculation of the losses, the coefficients o are calculated 
continuously on the basis of the outputs of all the power plants. In the presence 
of a variation in the economical distribution, RAN imparts this distribution to the 
load dispatcher or transmits it direct to the power stations for execuction. 


Economical control of inter-system power flows (the second type of tertiary 
control) must be produced by means of a variation of the settings in the second- 
ary regulators, whereupon the (algebraic) sum of variations of the settings of 
inter-system currents or, which is exactly the same, the sum of the settings of 
inter-system flows must equal zero (cf. above) to avert frequency fluctuations in 
the entire combination. This aspect of tertiary control is linked with the necessity 
of transmitting to one place data concerning the overall load of the individual 
power system of the EES, which requires great expenditure on telecontrol trans- 
mission, but does not guarantee the necessary accuracy. Therefore the number of 
power systems to be controlled in the EES must be at a minimum. 


The special RAN of the EES must obtain from each combined power system 
information about its loads and inter-system flows. On the basis of the economic 
characteristics of the individual power systems and taking into account losses in 
inter-system connexions, the RAN of the EES in the presence of a sufficiently 
large variation of the total load of the EES, or in the presence of fluctuation of 
electrical time, periodically checks and determines the economical distribution of 
power and new values for economical inter-system flows in accordance with the 
following formula (for system No. 1) 


P 


‘is.ec 


where Pi, ec and P,. — economical inter-system current and total capacity of 
system No. 1; 
Pi, and P, — appropriate actual values. 


The actual values are determined by the readings of telecontrol instruments, 
and P,, is determined by the RAN of the EES. Data about inter-system economical 
flows are reported to the power station dispatchers for the appropriate changes of 
setting in the secondary regulators, or this change is carried out automatically. 


If Pi, ec reaches the technical maximum value of the current, then the value 
of the statism of the secondary regulator varies (A = ~), i.e. the secondary regu- 
lator of the system under consideration guarantees a constant flow until then, 


| 
—p -P+P 


22 Automatic control of frequency 


unless a new test shows that the flow has to be reduced.* 
Economical control of the flow of hydro-electric stations 


In “Regulations for the selection of the optimum conditions for combining 
hydro-electric and thermal power stations” (RU), published in 1956, two basic 
methods of economically distributing the load of a power system were proposed 
by the Technical Board of the MES: the “specific economy” method and the 


“relative increment” method.' 


The fact that, the recommendation in RU of two different methods, having 
“identical accuracy”, the choice of one of which “is established according to 
local conditions” (cf. ch. 29 RU), has not been disputed anywhere, is undoubted- 
ly a drawback in RU, which has hampered the practical use of these regulations. 
However, we may easily dispose of this shortcoming, for it is not hard to provide 
a strict basis for economical load distribution in a power system in the form of a 
complete system of equations, which determine the optimum condition for operat- 


ing a power system for a certain length of time. 


Let us suppose that in a power system there are n thermal power plants 


(a. b. .... n) and v hydro-electric stations (a, 8, ....v). We shall assume at first 


that there are no hydro-electric stations working in cascade in the power system. 
The problem entails the determination of the conditions of minimum total consump- 
tion of fuel B or the total cost of electric power in all the thermal power stations 


. A). 


of the power system for any given period of time, e.g. A hr (1, 2 .. 


To determine the desired conditions we shall make use of the Lagrange 


method of indefinite factors. We shall look for the minimum function 


+ 


The variable outputs of the thermal power plants and the hourly water con- 
sumption of individual hydro-electric stations are related by the following condi- 


tions 


* The question of using decentralized control is not being investigated in this article; 


for this, see the work of V.M. Gornshtein (3) 


t The “specific economy” method was developed by B.1. Nikitin, and the “relative in- 


crement” method by V.M. Gornshtein 
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— FP), =0; 


In equations (1)-(3) B — the overall consumption of fuel for the whole 
60 period; B= B, + B, + ... + By; a; — total grid losses during hour i; P;; — total 
load of consumers in hour é; Xa, Rg — fixed total water consumption for the total 
period for individual hydro-electric stations, determined according to the conditions 
of given work or the filling of water supply tanks, taking into consideration fore- 


cast accuracy. 


The capacities of the hydro-electric stations in the separate hourly periods 
depend not only on the water consumption in a given hour. but also on hourly 
water consumption for every previous hour, starting at the beginning of the period 
in question, since hourly consumptions in previous hours influence the value of 
the operation of the water supply reservoir, the variation of the level of the lower 
water, taking into account transient processes in both waters and, consequently 
the volume of pressure. 

For example, 


Ps Q..): 


P 
Qs) 


In these equations mainly transient processes in the upper and lower waters can 
be studied. * 
Equalizing the particular derivatives of function (1) to zero at each variation, 


we shall obtain: 


* The question of the method of calculating the influence of transient processes is 
outside the scope of this article. 
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Equation (7) represents the known conditions of parity of the relative increments 
of thermal stations, taking into account grid losses, and 6, — is the relative in- 
crement taking into account grid losses, which is the same for all thermal power 


plants, during hour 1. 
Excluding Ag, Ag, ..., Ay, from equation (6), we shall find: 


of a2 


On, OP, On, 
OP, b,| oP. ) ' 


\ > 
On, \OP dz, \ 9P 


OP» oun 


Conditions (2), (3), (7) and (8) determine the correct solution of the set 
problem. It is easy to prove that they conform with the conditions of both methods 


recommended in RU, (Regulations). 


After certain transpositions of condition (8) one can substitute the following: 


OB OB, iB OB 
0Q + 
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From equation (5) we shall find. 
OB, OB, 0B, 
OP. 
a, OR, On, On, b, (7) 
OP, 
=b, (! 
On, OP. 
| and so on... 
OB, OB, 
B 
where 
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(specific fuel economy), but 


0* 
> 


These equations can be substituted even more simply: 


OB 
OQ.» 
OB 


=... 


taking into consideration that, e.g., 


ob, 


In this way, by introducing into the investigation the conception not of the 


hourly, but of the total (for the entire period) specific fuel economy with an in- 
crease in the hourly water consumption in a hydro-electric station a during hour i 


OB 
OR. 


one can very easily form the conditions of the maximum economy of a system for 
a definite length of time: 

1. The relative increments of all thermal stations taking into account grid 
losses must be equal for each hour of the period in question (condition (7) ). 


2. Specific fuel economies for the entire period in question per unit increase 
in hourly water consumption should be the same for all the hours of the period for 
each hydro-electric station with a fixed water consumption for the whole period 
(condition (9) ). 

The above method can be employed for systematic calculations of flow dis- 
tribution by months, ten day periods or weeks for a forecast period of time. In 
many cases it is necessary to verify these calculations on the basis of a variation 


of meteorological forecasts in special computing apparatus (digital machines). 
Only in this case is it possible to make substantial use of daily water consump- 
tion in individual hydro-electric stations and given load dispatcher graphs of the 


operation of water supply reservoirs. Translated by J.F. Boyland 


* When Qa; increases, the total fuel consumption during hour 1 decreases, but during hour 2 
(where the value Qq, is constant), it increases. 
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DIRECT-CURRENT MOTOR AMPLIFIER * 
I1.P. KOPYLOV 


(Received 13 August 1958) 


To regulate the running speed of motors in the range 1: 10... 1: 20 and above 
both smoothly and accurately the motor-generator system is widely used in prac- 
tice. However, on account of its unwieldiness — the presence of three machines 
of approximately identical capacity, the comparatively low efficiency and the 
high cost of the whole system — its use in a number of cases is inconvenient. 


The past few years have seen the increasing use of a system with a power 
magnetic amplifier in the circuit of the armature of a d.c. motor. The advantage of 
this system compared with the motor-generator system is the presence of a static 
device — a magnetic amplifier, instead of two machines (transformer unit), and its 
lighter weight in non-reversing drives. However, in systems where a reversal of 
the rotary motion of an executive motor is required, two magnetic power amplifiers 
are necessary. Furthermore the weight of such systems while supplying current 
with a frequency of 50 c/s to a magnetic amplifier is the same as the weight of a 
motor-generator system. In reversing systems it is desirable to transfer to a 
stepped-up frequency and to estimate the expediency of using magnetic power 
amplifiers, taking into account the weight of stepped-up frequency generators [1]. 


The desire to reduce the weight of systems with magnetic power amplifiers 
led to the constructing of a motor-amplifier combining a magnetic power amplifier 
and a d.c. motor (Fig. 1). 


The magnetic amplifier is made on the charged stator of the motor-amplifier, 
which consists of two packets. The a.c. windings are coiled on each packet, 
while the control windings for the outer and flexible feed backs embrace both 
packets. The construction of a motor-amplifier is analogous to the construction of 
“an autodyne (E MU) with superposed magnetization; the only difference is that the 
load for a magnetic amplifier in the EMU with superposed magnetization is the 
exciting winding, whereas in the motor amplifier it is the armature of the motor 


With a change in the control signal there is a change in the inductive resist- 
ance of the a.c. winding, which leads to the increasing or to the decreasing of the 


* Elektrichestvo, No. 1, 45-48, 1959. 
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D.C. motor amplifier 


FIG. 1. D.C. motor amplifier. ¥, contro! winding; ¥ ~ a.c. winding; We = outer 


feedback winding; W, exciting winding; U, = control voltage; 
wa voltage of a.c. network. 


rectified current passing into the armature of the motor. The regulating of the cur- 
rent in the armature leads to a corresponding change in speed. 


\ motor-amplifier can have different systems of excitation, which permits of 


the obtaining of various mechanical characteristics. 


In a motor-amplifier with independent excitation the mechanical characteristic 
is weak. A rigid mechanical characteristic may be obtained by using a regulable 


outer feedback. 


The amplification factor according to the capacity of the motor-amplifier is 


the ratio of the power on the shaft to the power of the control winding: 


7] 


For the characteristics of the dynamic properties of a motor-amplifier it is 


convenient to talk of the coefficient A, relating the nominal capacity of the motor 


to the capacity of the control winding. 


(he amplification factor according to the capacity of the motor-amplifier is 
determined by the amplification factor of the magnetic amplifier, and may be of 
the order 10°... . 10°. 


A motor-amplifier has a comparatively higher efficiency than a motor-generator 


wi 
Ve 


D.C. motor amplifier 


FIG. 2. Scheme of differential motor -amplifier. 


system which is determined by the product of the efficiency of the magnetic 


amplifier, the rectifier, and the motor: 


1 = )ma Ir Im 


where efficiency of the magnetic amplifier, equal to 0.85 - 0.95; 


‘Ima 


N, = efficiency of the rectifier, equal to 0.7-0.9; 


Nm = efficiency of the motor, equal to 0.6-0.7. 


Che efficiency of a motor-generator system is given as 


1="dm Ng Im 


where Ngm = efficiency of the driving motor, equal to 0.6-0.8; 


N, = efficiency of the generator, equal to 0.6- 0.8; 


Nm = efficiency of the motor, equal to 0.6-0.8. 


A motor- amplifier works with almost constant !oss, since when running with- 
out load there is maximum steel loss, but with an increase in the load, and in the 
copper-losses, the steel loss decreases. The power factor cos @ of a motor- 
amplifier, equal to 0.6-0.8, hardly alters during the change from free running to 


loading. 


A motor-amplifier does not require special! starting devices. On starting it is 
connected in circuit when the current l, - 0. Compared with the motor-generator 
system the motor-intensifier has smaller dimensions and over-all weight on ac- 
count of the absence of a driving motor and generator. The presence of just the 
one motor and the reduction by half in the number of brushes assure facility of 
operation and increased reliability. The disadvantage of a motor-amplifier is the 


impossibility of recuperative braking. 
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may also be achieved by means of a change of direction in the field of excitation. 
For this it is essential to have two series windings on the poles, counter-connect- 
ed and supplied from magnetic amplifiers assembled in accordance with the dif- 
ferential scheme. With equal currents in the magnetic amplifiers the overall! flux 
is equal to zero and the motor is fixed. With a change of currents in the magnetic 
amplifiers, torque develops, the sign of which is determined by the direction of the 


field of excitation. 


Calculation for a motor-intensifier may be made by using the equivalent net- 
work (Fig. 4) in which the load on the shaft is replaced by an equivalent resist- 


ance: 


where U,, = voltage on the motor 


It is assumed that when using the method in Fig. 4 the excitation flux does 
not affect the operation of the magnetic amplifier. The truth of this assumption is 
evident when one considers that the m.m.f.,of the excitation windings is almost 
used up in the air-gap and on the back of the stator amounts to not more than 
5-10 per cent. 


current of the motor armature. 


As was shown in |2), the effect of the excitation flux on the characteristic 
may be reduced to the effect of the control flux, relating the m.m.f. of the excita- 
tion winding, applicable to the steel on the back of the stator, to the m.m.f. of the 
control winding and feedback. In a non-saturated machine this effect is very 


slight. 


Moreover, considering that the resistance Z,... of a magnetic amplifier includes 
only the inductance Xm and that the motor is replaced only by the resistance R,, 
which allows also for the resistance of the rectifiers, it is possible to obtain for 
a motor-amplifier an equation of an ellipse with the semi-axes U. and J, (Fig. 5). 


The axis U. is constant, and is determined by the voltage of the network, but 
the axis /, is variable and depends on the load on the shaft of the motor. With a 
change in the control signal the working point will be adjusted on the ellipse. 


When the current /,= 0, maximum voltage is applied to the magnetic amplifier 
and the alternating current in the back of the stator is at maximum strength. Posi- 
tion (1), (Fig. 5) corresponds to this condition on the trajectory of the working 
point. The excitation flux, superimposed on the alternating flux, displaces the 


working point into position 2. 


For this condition, the cross-section of the steel of the stator, is calculated. 
This is essential for a magnetic amplifier as well as subsequent verification, so 
that the inductance from the excitation flux does not exceed 10,000- 12,000 G. 


With a change of signal in the control winding, the direct fluxes become 
superimposed, and the saturation of the back of the stator results in a redistribu- 
tion of voltage between the armature of the motor and the magnetic amplifier, which 
also causes a change in speed. 
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The choice of the number of turns of the a.c. windings in a magnetic power 
amplifier is made starting from the minimum distance between the packets of the 
stator. Here, the number of lavers for the a.c. windings on both packets must be 
integral, to ensure efficient use of the active length of the motor. 


Furthermore, the calculation of a magnetic amplifier is made with a given 
voltage in the circuit, taking into account its operation in the motor-intensifier, 
using one of the well-known methods for magnetic intensifiers. 


The combining of a magnetic power amplifier and motor allows the steel of 
the stator of the machine to be used efficiently. The starting for calculating the 
cross-section of the back of the stator is the volume of steel necessary for a 
magnetic amplifier, increasing it only slightly because the excitation flux is 
superimposed on the flux of the magnetic amplifier. 

In motor-amplifier the density of the current in the windings of the magnetic 
amplifier may be taken as being the same as in normal electric machines for fixed 
concentrated windings which can be cooled by a fan. The lessening of copper 
weight is one of the intrinsic merits of a motor-amplifier. 

l'o the number of disadvantages of a motor-amplifier we should add the in- 
crease in dimensions as « ompared with a normal executive motor, although its 

weight is less, compared with the motor-generator and the d.c. motor-magnetic 
power amplifier systems. As calculated by the Moscow Electrical Institute, a 
2 motor-intensifier of 1 kW power (Fig. 2) in short run operating conditions at creep 


speeds weighs about 70 kg. 


; \ system with an autonomous magnetic amplifier and a d.c. motor of the same 
capacity, made by the Experimental Research Institute for Metal-Cutting Lathes, 


to drive metal-cutting machine tools weighs 116 kg, the weight of the magnetic 
intensifier, with rectifiers, bring 72 kg and the weight of the PN-5 executive 


motor 44 kg. 


Translated by J.M. Gwynn 
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JUNCTION TYPE SILICON DIODES * 
G.A. ZELIKMAN, la.S. LEVENBERG, I.P. LUKASHOVA, lu.I. SIDOROV and S.V. FRONK 


(Received 4 May 1958) 


Junction type silicon diodes have in recent years found a wide range of applica- 
tion in many branches of engineering. Their many substantial advantages in com- 
parison with germanium diodes (smal! reverse currents, high rectification factor. 
possibility of operation at temperaturés above 100°C, possibility of series connex- 
ions without special selection, steady operation in the range near to puncture) 
make them particularly suitable for use in radio and electrical devices. The dis- 
advantage of silicon diodes is the somewhat greater direct foward voltage drop 


than in germanium diodes. 


Three methods of making silicon diodes are known: the method of fusion; 
the method of diffusion, and the method of crystal pulling. 


The method of fusion is now most widely used. To obtain a p-n junction by 
the method of fusion a silicon wafer of n-type, which is in contact with the acceptor 
element of an alloy containing the acceptor element, is heated above the melting 


temperature of this alloy. The adjacent layer of silicon dissolves in the alloy; the 


silicon which recrystallizes on cooling contains a considerable number of the ac- 
ceptor atoms, due to which its type of conductivity changes. Between the original 
and recrystallized silicon a p-n junction is formed. In an analogous way a p-n 
junction can be obtained with the p — type silicon by fusing it with a donor elem- 
ent or with an alloy containing a donor element. 

In this article the technology of production and the electrical properties of 
silicon rectifying diodes types D 202-D 205, are discussed; these diodes are made 
by fusing aluminium with n — type silicon. The silicon used for this purpose has a 
specific resistance of 10-30 { thin cm; these diodes have a reverse operating 
voltage of 100-400 V and a rectified current of 400 mA. The permissible working 
temperature of these diodes is 125°C; they can be successfully used in rectifying 
a.c. currents up to a frequency of 100 kc/s. 


Technique of production and construction 


The silicon diode of types D 202-D 205 is a wafer of n-type silicon, which on 


* Elektrichestvo No. 1, 64-68, 1959. 
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Junction type silicon diodes 


FIG. 1. General view of the diode. 
lead; 9 — fernico (kovar) tube; 


glass insulator; 4 — fernico (kovar) frame; 


] 

3 

5 — nickel tube; aluminium; 

7 — silicon; gold - antimony alloy; 
9 solder; crystal - holder; 


ll copper base mica gasket; 


13 — insulating bush é lobe 


the one side, is fused to a substance, wt ich simultaneously acts as the p-n 
junc tion and a rectifying ele: trode. and on the other side is fused to a substance, 
which forms a non — rectifying contact and acts as an electrode. 


[hese substances shouldhave both acceptor und donor properties, should 


be 
easy to machine andbe easily fused with silicon. The fusion temperature of the 
alloys of these materials with silicon s! sld be sufficiently high to ensure reli 
operation at a temperature of the p-n junction of 200°C, and sufficiently low in 
order to avoid excessive complications in the technique of production. The elect- 
rode materials in comparison with silicon should be more resistant to substances 
in which etching of silicon is done. 

In the diodes discussed, aluminium is chosen as the impurity element to 
obtain the p-n junction and the material for the rectifying electro le. Of all the 
known acceptor elements only aluminium and indium possess the necessary 
mechanical properties. But indium does not form alloys with silicon whereas the 
silicon - aluminium alloy (silumin) is well known. Silumin is most suitable for the 
purpose because it has an admissible temperature of fusion (577°C); its reaction 
with the mixture of nitric and hydrofluoric acids, in which the etching of silicon 
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Junction type silicon diodes 


Forward current 


Reverse current 


Voltage 


FIG. 2. Static volt- ampere characteristic. 
l—fort=— 60°C; 
23°C; 

3 — fort=+ 125°C. 


is done, is much weaker than in the case of germanium, and also because it is 
easily available. 

To obtain a non-rectifying contact and electrode an alloy of gold and anti- 
mony (1 per cent antimony) is used, in which the role of the donor element is 
played by the antimony. This substance practically does not dissolve in the mix- 
ture of nitric and hydrofluoric acids, it is easily fused with silicon and posses- 


ses the necessary mechanical properties. 


[he temperature of fusion of the silicon — gold alloy, containing | per cent 
antimony ( ~ 350°C) is also quite admissible. The area of the p-n junction and the 
thickness of the silicon wafer are chosen on the basis of the following considera- 
tions. On the boundary of the fusion of aluminium with silicon and, consequently , 
near the p-n junction the appearance of cracks and other structural defects is pos- 
sible, which form due to the difference in the coefficients of linear expansion of 
aluminium and silicon. With a decrease in the contact area the probability of 
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formation of these defects also decreases and the possibility of obtaining a p-n 
junction with a higher puncture voltage increases, which is due to the uneven 
electrical properties of the silicon wafer. With a decrease in area the value of 
the reverse and forward currents also decreases. The area of the p-n junction with 
the diodes of D 202-D 205 types is about 0.3 mm?, which is the optimum value 


from this point of view. 


A decrease in the distance between the p-n junction and the non-rectifying 
contact considerably decreases the forward diode resistance due to a decrease in 
the silicon volume resistivity. Moreover, when this distance becomes comparable 
with the diffusion length, as occurs in the diodes in question, the diffusion of 
holes, introduced into the silicon when a d.c. voltage is applied, also consider- 


ably decreases the diode forward resistance. 


The process of fusion with aluminium in the form of a stub and the gold — 
antimony alloy in a form of a thin foil is carried out in a vacuum at 700°C. In this 
case due to the presence of the oxide film on the aluminium, the form of the stub 
is preserved which facilitates the subsequent assembly of the diode. 
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For the assembly of the diode a nickel tube is inserted on the aluminium 
stub; to this tube a nickel! lead is welded by the point welding process. After- 
wards, the silicon surface is covered with a protective varnish. 


The construction of the diode is similar to the construction of the germanium 
diode D-7, (Fig. 1). The soldering to the nickel crystal-holder is done with tin. 


The fernico (kovar) body is welded to the crystal-holder by a ring seal. 


l'o improve the heat dissipation a copper base with a threaded screw is 
welded to the crystal - holder; the base is fixed to the heat dissipating radiator. 
The electrical insulation of the diode is achieved by means of a special mica 


insulating gasket and a bush. 


Volt ampere characteristics 


The diode’s basic properties are given by a volt-ampere characteristic record- 
ed using d.c. (static characteristic, Fig. 2). At room temperature the reverse cur- 
rent in the majority of diodes for the voltage 1 V is of the order of a few hundreths 
of wA, and for 10 V it increases 5-10 times. With an increase in temperature up to 
+ 80°C the reverse current for the above voltage increases no more than by one 
order of magnitude, and when the temperature increases up to + 125°C it increases 
by two-three orders. With a decrease of temperature to — 60°C the reverse current 


decreases by one -two orders. 


With increasing temperature the reverse current increases according approxi- 


mately according to the exponential law. 


where C — a factor independent of the temperature; 
\E — the width of the forbidden zone in silicon; 
& — Boltzmann's constant 
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T — absolute temperature. 


With a voltage increase above 10 V the reverse current increases linearly 
and does not exceed a few pA at room temperature. Then, in the pre-puncture 
region, the rate of the current increase increases, and in the puncture region this 


relationship once more in nearly linear. but with a considerably greater gradient. 


The temperature dependence of the reverse current « orresponding to the 
higher value of voltage shows a greater deviation from the above exponential law. 


We have arbitrarily chosen the voltage corresponding to the reverse current 
of 500 pA as the value which characterizes the puncture voltage. The point on 
the reverse characteristic corresponding to this current is always found in the 
breakdown region, and the power developed does not exceed the value which can 
irreversibly influence the diode properties. When the resistivity of silicon varies 
from 10 to 30 2 thin cm, the value of the puncture voltage varies from 100 to 
500 V. With an increase in the temperature of the surrounding medium up to + 125% 
the puncture voltage increases in most cases no more than by 30 per cent in com- 
parison with that at room temperature, and with temperature decrease down to 


~ 60°C. it decreases by no more than 20 per cent. 


The variation of the forward current as a function of the voltage drop on the 
p-n junction and the temperature of the surrounding medium can be expressed by 


the following formula 


where A — a factor practically independent of temperature; 
q- the charge of an electron; 


U — diode voltage. 


According to this relationship at a low voltage, the forward current « on sider- 
ably increases with an increase in temperature. 


For the voltage on the p-n junction near to the width of the forbidden zone, 


the forward current is independent of temperature The diode voltage is the sum 
of the voltage on the p-n junction, the voltage on the silicon wafer and on the 
non-rectifying contact. for a forward current of a few hundred mA the voltage drop 
on the diode is about 1.5 V. In this case the voltage on the p-n junction approaches 
the width of the forbidden zone. Due to this fact the diodes in question have an 


important property for this kind of current — the forward current is almost entirely 


independent of temperature bor a forward current of less than 100 m A the current 


is a function of temperature 


On the forward characteristic (Fig. 2) the value of the voltage, for which the 


rec tification factor, i.e. the ratio of the forward current to the reverse current, 


assumes a « onsiderable value, is of great importance bora voltage up to 0.1 \ 


at room temperature the values of the forward and reverse currents are of the same 


order of magnitude, however, for 0.4 \V the rectification factor already exceeds 10 
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and for 0.5 V it is about 10°, and for 1 V, about 10”. According to the quoted 
relationship (2) the voltage. for which the rectification factor sharply increases, 


decreases at 125°C to 0.2-0. 0.3 V and increases at— 60°C to 0.6-0.7 V. 


The rectification factor for | \ and temperature — 60°C. is equal to 10° and 
decreases at + 20°C to 10°, and at + 125°C to 10°. since the forward current 
for this voltage is nearly independent of temperature, and the reverse current 


increases with increasing temperature. 


The limiting conditions of the diode operation, 1.e. the magnitude of the 
admissible reverse voltage and rectified current, are determined by the puncture 


voltage and the temperature of the p-n junction 


[he relationship between the temperature of the p-n junction and the power 


dissipated is linear 


where Ry —_ thermal resistance depending on the diode construction, 
temperature of the p-a junction; 
to — temperature of the surrounding medium 
The temperature at whic h the re« tifving properties of silicon are still preserv- 


ed extends up to 200°C. Nevertheless, continuous operation st temperatures above 


175°C in many cases brings about irreversible changes of the parameters. 


Taking 175°C as the admissible temperature of the p-n junction and determin- 


ing the value of K, which for most diodes is about 100°C /W, we get the admissible 


limiting value of the power for various temperatures of the surroun ling medium. 
} 
The value of &, « onsiderably decreases if the additional 


the diode takes plac e. One method of arranging sui h additional 


lissipation of heat from 
lissipation 1s the 


fixing of the diode on a metallic radiator In most cases the chassis of the devic Se. 


in which diode is mounted, can be used as the radiator. In this case, when the 


area of the aluminium chassis reserved for one diode ise qual to 40 cm’, the 
W which corresponds to the adn issible power of 1.7 W 


thermal resistance 1s 
Bat BOPL, and 5 W at + 25% 


at the surrounding temperature + 125°C; 
Classification of diodes 


[he static characteristic and the magnitude of the admissible power character- 


ize in principle the quality of a diode. However, to obtain parameters which are 
closer to the operating conditions of rec tify ing diodes, in many cases an a.c. 


charac teristic is rec orded, (“dy namic charac teristic ). In this case the magnitudes 


and voltage are fixed for the operation of 


of the forward and reverse currents 
The < lassific ation of diodes is made 


diodes in a single-phase half-period circuit. 


acc ording to these characteristics. The general trend and temperature relationship 


4) coine ide with the above discussed static 


of dvnamic characteristics (hig 
ce. characteristics is that the reverse 


characteristics. The main advantage of the a. 


branch can be recorded taking into consideration the influence of the forward 


current. 
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TABLE lI. 


Reverse Rectified 


Amplitude of current The forward 


the reverse 
voltage (V) | 
| 


Diode 
type (mean (me an voltage drop 
value) value) meau value 


(wa) (mA) (Vv) 


0.5 400 
400 
400 
400 


FIG. 


3. Cireuit for recording dynamic characteristic. 


[he value of the amplitude of the reverse voltage for the mean value of the 
reverse current 


500 wA is taken as an admissible reverse voltage on the dynamic 


characteristic. From the data of the dynamic characteristic it is possible to use 


the above formula for admissible power to calc ulate the admissible value for the 


rectified current, which is approximately equa! to 500 mA at + 125°C. 


(he diodes in production are divided into four gro 


s which differ by the 
nagnitude of the reverse voltage. The parameters of ea ip are shown in 


| able 1. 


lhe above parameters correspond to diode operat additional heat 
dissip ition is provided In the case, when the area 


hassis of the device 
nted is used for heat i 


the 


yn which the dio wea of the chassis 
responding to ld not be less than 4 Without additional 
heat dissipation, t! limiting ad issible value of the rectified 


current decreases 
100 mA at the limiting operatin 


» temperature + 125°C and to 200 mA at the 
ting operating temperature + SU" 


40 
| 
D2)2 100 1.0 
D203 200 | 1.0 
D204 300 1.0 
p205 | 400 | 1.0 
= 
| 
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FIG. 4. Dynamic volt- ampere characteristic. 


These diodes can be connected in series. In this case it is recommended to 
shunt each diode by a resistance 50-70 k{ for every 100 V of the reverse voltage 
amplitude. A special selection of diodes for a series connexion is not required. In 
a parallel connexion of diodes non-uniform current distribution can occur due to 
the difference in their forward characteristics which would result in damage to the 
diodes. To avoid this it is necessary to connect each diode to a compensating 
resistance. For instance, for recording a current of 700 mA from two diodes con- 
nected in parallel the value of such a resistance should be 5{). The possible 
scattering of values of the forward voltage drop for a current of 400 mA is 0.5-1 V. 


The prospects of development 


The use of silicon will in the nearest future allow the construction of diodes 
for a reverse voltage of more than 1000 V, rectifying stubs for voltages of dozens 
of kV, power diodes for currents of dozens of amps, and diodes for special use 
with very small reverse currents and an increased limiting frequency. For construc- 
tion of diodes with a high puncture voltage the already mentioned method of cryst- 
al pulling can prove advantageous. In this method, silicon monocrystals are form- 
ed during the process of growth, in the region with different types of conductivity. 
More and more attention is being paid to the diffusion method. In this method of 
obtaining the p-n junction, the introduction of the impurity material into silicon is 
done by the diffusion of the impurity from its gaseous state or from a thin layer on 
the silicon surface. According to the conditions under which the diffusion of the 
impurity material takes place, different distributions of its concentration can be 


obtained. This gives the possibility of varying the puncture voltage, the value of 
which depends upon the gradient of the impurity concentration near the junction. 
by the diffusion method brittle 


In the process of formation of the p-n junction 
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electric alloys are not formed, consequently the area of the junction is limited 

only by the dimensions of the silicon wafer. The boundary separating the regions 
of silicon with different conductivities is in this case much smoother than in the 
case of fusion; this makes it possible to have a very small distance between the 


p-n junction and the non-rectifying contact. 


Let us give some preliminary data concerning the formation of a p-n junction 


by the diffusion method. 


With the increasing distance of the p-n junction from the silicon surface, i.e. 
with the increase in the diffusion depth of the impurity element, the concentration 
gradient of this element decreases, and consequently, the puncture voltage in- 
creases. Therefore, in choosing an impurity material for diffusion, the distance 
through which the atoms of this element diffuse for reasonable temperatures and 
periods of time. is a decisive factor. The diffusion factor and, consequently, the 
depth of penetration, increase with increasing temperature; therefore the tempera- 
ture 1200°C was chosen — the highest possible when quartz is used. Diffusion 
factors of acceptors into silicon are considerably higher than those of donors. 
Among acceptor impurities aluminium has the largest diffusion factor, and the 
first experiments of obtaining p-n junctions with n-type silicon began with alumin- 
ium. To obtain a diffused p-n junction a thin layer of aluminium is initialy deposit- 
ed by evaporation in vacuum on a silicon wafer 0.5 mm thick. Thereafter, the sili- 
con wafer with its aluminium layer is placed in a quartz ampoule which is sealed 
after evacuation of the air. The diffusion firing is done at 1200°C. After firing, 
the silicon wafer is ground on one side to a thickness of 0.3 mm and cut into 


Squares of the required dimensions. 


A nickel lead is soldered to the p-type of silicon wafer, a lead-indium alloy 


being used as a solder. 


lo fix the non-rectifying contact to the other side of the silicon wafer a gold- 
antimony alloy is soldered by the same method as in the fusion diodes. Thus the 
diodes discussed are in fact of the diffused -fusion type, since only the p-n junc- 
tion was formed by the diffusion method. By this method p-n junctions of more than 
1 cm? area were made; the puncture voltage of these p-n junctions is prac tically 


independent of the size of the area. 
In conclusion the authors express their gratitude to VI. Iglitsyn for his 
discussion of this article. 


Translated by S. Szymanski 


1960 


| 


960 


FROM PAPERS PUBLISHED IN ELEKTRICHESTVO 
No. 1, 1959 


ABSTRACTS 


Electrification and the Electrical Industry 1959 - 1965 (pp. 1-3) 
The author relates the plans for the development of electric technology in 
this period to specific projects in the different branches of the electrical industry 


as follows, (there is emphasis on reduced weight and size): 


Rotating machines. Generators 300 VW and higher with direct hydrogen and 
liquid cooling, steam and hydraulic turbines. New series of electrical machines 


with less weight and smaller dimensions. 


Transformers and auto-transformers. Voltage up to and over 500 kV and out- 
put 450 MW using new electrical steels and insulation. Increased output of trans- 


formers with regulation on load. 


Switchgear. Air and oil circuit breakers up to 500 kV and breaking capacity 
10-25 million kVA. New series of other gear (tubular dischargers, condensers, 


fuses etc) to be designed and produced. 


Rectifiers. New designs for mercury arc power rectifiers for complex devices 
and converter substations as well as with voltage regulation for supplying revers- 
ible drive motors in rolling mills. New mechanical rectifiers for electrolysis of 


copper, etc. and germanium and silicon rectifiers. 


Low-voltage apparatus. I!:mphasis on new gear for transmission, distribution 


and automatic control. 


Electrical heating. New electric arc furnaces for steel melting, capacity up 
to 180 tons with mechanized charging and electromagnetic mixing of the liquid 
metal. Also non-ferrous, induction and high frequency plant. 


Electric welding. Planned production of automatic welding machines with 


programme control. 


Cables. Oil-filled medium pressure 220 kV cables in aluminium casing. 
Cables 220-500 kV in conduits with dynamic cooling. Bare conductors for 500 k\ 


transmission lines. 


Accumulators, Use of synthetic materials for separators. New types of 
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alkaline accumulators without lamellar plates, including cadmium-nickel. 

As regards the electrical industry itself it is in particular proposed to auto- 
mate and mechanize the cold stamping of electrical steel! and to introduce flow 
methods of operation. Emphasis is to be on the conversion and extension of exist- 
ing works, (20 per cent of capital expenditure on new factories). Standardization 
and unification of components and sub-assemblies is to be increased. 


Materials. 1. Rolled and textured cold rolled stee! 0.35 mm thick to be 
produced with heat-resistant insulation coating. 

2. New insulation, synthetic varnishes, enamels, resins. compound with 
glass cloth and thread. 

3. Silicon organic materials to be further developed, including Lavsan polye- 
tyleneterephtal film. 

4. Development of S-mica. “Escapone” to be developed in place of varnished 


cloths, and, to a large extent, in place of mica products. 


5. New types of pressed paper to be produced. 


Questions on designing the converter unit for supplying (he electromagnet of the 
10 millions eV accelerator. Arkhange!'skii-(pp. 10-13). 
he design of accelerators for particle energy of 10*° eV requires the development 


and production of high voltage large capacity impulse sources, (several hundred 
thousand kV in impulse in the presence of direct voltage 10-15 kV). This in turn 


requires high voltage power converting devices, the operation of which is based 


on valve rectification of current, since commutator machine current rectification 
cannot always be carried out. In the synchrophasotron type accelerator it is ne- 
cessary to reduce the amplitude of the harmonix components of the strength of 

the cyclical field of the magnet, which depend on the harmonix components of the 
voltage source suppbying the magnet winding. In the Combined Nuclear Research 
Institute, the voltage source was four synchronous generators operating in parallel 
with double three phase stator windings. The author proposes commutation proces- 
ses using the symmetrical! components method to establish a method of cal ulat- 
ing the inductive resistance components of the « ommutation circuit for comp lex 


rectification schemes and considers the levels of voltage pulsation and synchro- 


phasotron magnet field strength. 


General theory for Liapunoy stability and questions of power system stability. 
L.V. Tsukernik (pp. 13-17). 


Liapunov was a notable Russian scientist (1857-1918) whose main work “The 
General Problen of the Stability of Motion” was published in 1892. This work is 
related to auton atic control. | tapunoy defined the concept of *Stability ° and 
“Instability” and evolved a very strict theory of stability mathematically and 
developed analytic al methods applic able to different prac tic al problems The 
theory and methods are surveyed with a view to showing their applicability to 
the analysis of electromechanical transient processes in a complex power system 


for which computers and analysers are used. 
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Methods of automating the regulation of frequency and real power loads. 
V.M. Gornshtein (pp. 25 - 29). 


In modern power systems the main effect of this automation would be on fuel 
costs, but if principles or methods of regulation are misapplied, fuel costs may 
increase. The author considers the most economical system conditions and the 
possibilities of achieving those conditions by manual and automatic control. The 
author considers the question of calculating the relative increments in fuel con- 
sumption. He also considers that temporary deviations from the most economical 
state should last for 1-3 min and not 10-20 min. To effect this regulation, the 
author advocates astatic frequency regulation. The variation of the relative in- 
crement must be linked with the integral of the frequency deviation or deviation of 
synchronous time. He calls the device for this purpose the “relative increment 
gauge”. “Deciding devices” are also needed to establish the load at each power 


station. Finally “executive devices” are required to distribute the loads over each 


power station and within them. The author argues for decentralization of the 
“deciding devices” but central “non-controlling” computers for the system are 


necessary for long run planning, in view of the complexity of the calculations. 


Studies and developments in automatic frequency regulation in power pool systems. 
t..D. Zeilidzon (pp. 29-33). 


The author considers the following problems: 


1. Automatic redistribution of load must take place according to the moment- 
ary or integral magnitude of the deviations, or their duration or the accumulation 


of errors in the economic sense. 


2. Which power stations, in what form and when must be involved in the re- 


distribution ? 


3. Which factors can and cannot be ignored, which may be calculated auto- 
matically and which by hand and how often, which factors must be taken into 

account at the power station and which at the load despatcher points of the system 
and to what extent telemechanics must be used ? 


4. With what accuracy must initial data be measured, defined and introduced 
into the automatic system and transmitted, with what accuracy should calculations 
be made in appropriate devices and orders issued, transmitted and realized within 


and between power stations ?. 


Determining the d.c. components of the voltage and current in rectifier circuits. 
V.P. Sigorskii and L.A. Sinitskii (pp. 34-35). 

The present article studies a non-linear circuit in the form of a four-pole with a 
sinusoidal e.m.f. at the input and a reactive element at the output. After determin- 
ing the constant component of the voltage in the capacitance or of the current in 
the inductance the authors employ the Kirchhof equations for the circuit. The 
proposed method dispenses with the super-position of corresponding instantane- 
ous values on the elements and the subsequent integration operation. 
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An automated electronic drive for powerful lathes. |... Shapiro (pp. 35-4). 


At the present time for the drive of the faceplates of heavy Soviet lathes use is 


mainly made of d.c. motors of 50-200 kW with wide speed contro! by variation of 


the excitation flux. If the d.c. power supply is inadequate, the 
ly supplied by a generator-motor systen from an in lividual electrical max 
The author therefore re- 


nain motor is usual- 


hine con- 


verter group This scheme however has its drawbacks 


commends the use of an ionic converter grouy with mercury ar rectifier « yntrol, 
which considerably improves the technical-¢ momic indices of the main drive 
The proposed scheme is represented liagramatically and the results of laboratory 


tests dis¢ ussed. 


Magnetic noise in universal commutator fractional motors. N.V. Astakhov (pp. 41 - 


$5). 


The main causes of magnets in « le< tric al ma ¢ h ines are the spring deforma- 
tions of their components under the effect of forces conditioned by the magnetic 
field The present arti le aly ses th ese for: es and wavs and means of reduc ing 


noise in fracti motors. The author considers the deter- 


universal nutator 
i tor yues ac ting on the pole, the effect »f slant on the 


mination of the forces an 
of armature teeth and the lengt! of the pole ar« 


slots and the effect »f the number 


Charges in the voltages of three phase transformers for unbalanced load conditions 


V.1L. Krivensev (py 18-54 


lhere is increé onditions »f three-phase current 
sources. Suct le. during metallurgical loading of 
electrical furn: onditions andif the transmission line phase 

f transformer phase currents causes dis- 


tages a unfav ura 


conductors brea 
i nilar vVariati } | bly aff ec ts +} e opera- 
tion of electric ytors and incan lamps From this point of view, the pre- 


fan asymmetrical load has the same 


vention yf voit 
value a8 in tne etrica load [hese probiems are 
py ca Asymmetrical 


variations ar 


Y/Y., A/Y, a 


Errors in measuring pulse vibrations 


Interest is hines during transient conditions 


heen laid down for vibration 


given errors in transient condi- 
if a “vibration gauge”. For the 
with different steepness and 

ality of repr duction 1s evaluated 


lative amplitude and phase error f the first 


errors yf the first 
e greate the T alized fre y yf the disturbing impulse, com- 
satural frequency of the vibro-gauge. The variation in shape of 
little the magnitude of the amplitude error but 


peak of the impulse vibrations 


sred with the 


the impuise affe« ts compar atively 
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greatly affects the magnitude of the phase error. The amplitude error is maximum 


when the shape of the impulse is nearly sinusoidal. 


Power distribution between the arc and the slag in enclosed arc furnaces. 
G.F. Platonov (pp. 58-60). 


The section of the circuit “arc-slag” can be regarded as two series — connected 
conductors, the dimensions of which vary with the electric and geometri« para- 
meters. Owing to the mobility and series connexion of these conductors, their 
resistance is mutually conditioned. Any change in the average length in the bunch 
of arcs (and consequently their equivalent resistance) is acc ompanied by a vari- 
ition in the resistance to the spreading out of the current in the slag in the reverse 
direction, in so far as the surface of the slag on which the arcs are burning varies 
here. Using the mathematical relationships given in the article the author considers 
that when the voltage and output are constant and with an increase in the speci- 

fic resistance of the melt, the sinking of the electrode is increased and the furnace 


passes to an arcless operating state. 


Current-slip characteristics for a small induction motor. L..1. Stolov (pp. 61 - 63). 


The author examines the relationships between stator current and slip in small 
asynchronous motors with outputs ranging from fractions to several watts, and 
supplied from a symmetrical voltage system in static conditions. The rotor and 
stator windings of the motors in question are symmetrical and the rotor may be 
either short-circuited or hollow. The modulus of the stator current decreases 
within a wide range of increase in slip from zero in accordance with a formula 
quoted. If a certain given equality is observed, then in conditions of “generator” 
braking for any negative slip values, the direction of the power flow through the 


machine stays the same as in the “motor” state. 


A study of type 1BS 100/15 soldered ignitrons. A.A. Sakovich and T.A. Suetin 
(pp. 68-72). 

A drawing is given of this equipment and a diagram of different test schemes. 
Rated data are: maximum blocking voltage 15 kV, average anode current 100 A, 
permissible overload up to 300 per cent in the presence of repeat instantaneous 
load and 1600 A during 1-2 half-periods. The ignitrons are used in main line 
traction substation units and in high voltage converter installations etc. Back- 
fires arise at a reduced temperature of the cooling liquid unlike other valves. 
Tests showed that in the case of a backfire of the order of LO kV, the average 
current load of the valve can be increased to 200 A. It was also established that 
the valves, without disturbing the vacuum and reducing the electrical parameters, 
are capable of maintaining current overloads up to 10 kA in fault conditions. 


A powerful germanium triode. A.V. Krasilov, A.B. Polianov and E.S. Saliykova 
(pp. 72-75). 
The germanium triode which is described makes it possible to extend the field 


of application of semiconductor apparatus to gear controlling outputs greater than 
1 kW. A special feature of the apparatus is the use of cold welding for sealing the 
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case. The triode operates at currents up to 20 A, the triode here possessing ade- 
quately good amplification properties, while the power losses in the apparatus do 
not reduce efficiency unduly. Such large currents can be supported because of the 
large area of the emitter (0.5 cm’), the effective emitter alloys and the annular 


design of the emitter. 


Method of calculating the heat resistance of condenser type electrical insulation. 
Bachurin (pp. 75-78). 


The author develops the Brazier-Robinson method (previously applied to cables) 


for a simple and graphical method of calculating the thermal stability of condenser 


type insulation. 


The performance of a three-phase rectifier bridge with a system of unbalanced 
E.M.F.’s applied. A.V. Pintsov, lu. S. Kraichik and D.G. Ulasov (pp. 79-83). 


The most widespread converter installations are six-phase schemes with reactor 
control and the three-phase bridge scheme. Value converters are very sensitive to 
reduc tions in voltage in the supy ly system, fre yuently caused by asvmmetric al 


short circuits. [he author concentrates his attention on the electromagnetic pro- 
cesses in a bridge converter (rectifier) when the voltage symmetry on its bus- 
bars is disturbed. Although only steady state conditions are investigated, the 


results are app lic able to the majority of transient processes since thev are slower 


than the valve commutation processes. Converter control is usually asymmetrical 
also, and so the results obtained when developing methods of grid control can be 
used, which is verv valuable for increasing the stability of the inverter. The 

article is limited to conditions which are characterized by the simultaneous burn- 


ing of not more than three valves. 


Experience in the use of closed ring circuits with reverse power circuit-breakers. 
V.A. Kozlov (pp. 84- 86). 


The advantages of closed low-voltage networks are well known. In Leningrad it 
was decided to use existing equipment to protect networks operating according to 
the closed scheme. A skeleton diagram of part of the network is shown. The net- 
work substations of the section were provided with 180 and 320 kW transformers. 
The section was supplied on three 6 kV lines from the distribution substations. 
The low voltage network was made from four core conductor cable with copper 
core conductors of 50 and 70 mm’ cross-section. The “reverse power circuit- 
breaker” (or automat) had to be a type A-2030 air blast circuit-breaker in conjunc- 
tion with a power directional relay (single phase 1M-41 type). The results of the 
tests show that the system worked but that it would take some time to decide on 
the merits of the system, pending sufficient operating experience. There was 


shown to be a need for special “reverse power automats” for rational operation. 
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A STUDY OF THE SELF-EXCITATION OF DIRECT-CURRENT 
TRACTION MOTORS * 


V.E. SKOBELEV 


(Received 22 July 1958) 


Klectrical rheostatic braking begins with the self-excitation of traction machines. 
Che time spent on self-excitation and the reliability of this process determine the 
safety of motion and are the fundamental characteristics of a rheostatic braking 

system. Therefore it is essential to know the influence of various factors on this 


process and to arrange methods of calculating it. 


A simple and sufficiently accurate analytical dependence of current on the 
time of the self-exciting period of traction engines can be obtained, if it emerges 
from the following prerequisites: 


1. The influence of eddy currents in the solid cells of a magnetic circuit and 
in closed circuits, coupled with the main field (e.g. solid metal flanges of the 
coils of the main poles of traction motors, etc.), is equivalent to the action of 
current in one equivalent circuit, encompassing the main field of the engine under 


consideration. 


2. The dependence of a drop in voltage in the intermediate connexion between 
the brushes and the collector for a certain current field by means of a current 


linear function. 


3. The dependence i =f (t) for the self-exciting process is symmetrical in 


relation to the point at which the current reaches half of its steady value. 


The method of calculation, using the equivalent circuit conception, can 


accurately reflect the process only whenthe circuit resistance is varied at the 
right time in accordance with test data. However, the author’s studies show that 
the basic influence on the development of self-excitation has its initial phase, 
for which a negligible variation of the resistance of the equivalent circuit is 
characteristic. Therefore, in a simplified calculation it is permissible to consider 
this resistance as a constant value. 

A similar approach enables one to obtain a practically satisfactory converg- 
ence of calculated results with experimental results with braking speeds which 
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Self-excitation of d.c. traction motors 


FIG. 1. The characteristics of the drop in voltage in the contact of 
the brushes and the collector. 
6 -—-D=f We). 


Ue 12m/sec; 2— % 4.2 m/sec. 


by 


FIG. 2. The principal system of rheostatx braking with an 


equivalent circuit. 


exceed 25 per cent of the nominal running speed of a traction motor. For lower 
braking speeds, where the value of the residual field of the machine does not 
exceed 2 per cent of the nominal speed (whic h is normal for direct current traction 


motors), it is essential to take into ¢ onsideration the resistance of intermediate 
brush connexions. However owing to the difficulties which arise from this, it is 
practically impossible to make a reliable calculation of the self-exciting process 
with braking speeds of less than 10 per cent of the nominal speed of the machine 


in question, and with a circuit resistance close to the critic al. 
Drop in voltage in an intermediate connexion between brushes and collector 


With extremely small current densities j,, which respond to the initial excit- 
ing phase, and with low peripheral collector speeds vy, it is necessary to study 
the variation in the drop in voltage in the connexion between the brushes and the 
collector, which is applicable to problems of the self-excitation of traction engines. 
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Self-excitation of d.c. traction motors 


Che experimental relationships Uy = f (jp) where vg = constant (Fig. la) 
must then be examined from the point of view of the best approximation. Linear 
approximation here is quite permissible, since the value U, at onve >ecomes the 
most powerful influence on the self-exciting process as soon as the braking cir- 
cuit is closed and quickly diminishes in proportion to the growth of the e.m.f. and 


to the current in the machine. 


As soon as its circuit is closed the initial current 1, = €o/r, is established 
almost immediately. This can be determined by the resistance of the braking cir- 
cuit r,, and the e.m.f. e, from the residual field of the machine. Consequently the 
approximate straight line must be plotted in such a way that it coincides well as 
possible with the part of the experimental characteristic with currents i > /,. The 
circumstance that the straight line is then removed from the actual characteristic, 
is not of material value for the calculation. 

Note that according to the experimental data in question for the EG-12 type 
of brushes with an initial current density under the brush j, 1,/S, = 0.15-—0.3 
A/cm? a satisfactory approximation is obtained, providing in the approximate 


straight line equation 


U, 4+Bi,=A+ Dj, (1) 


4 = 0.8 is inserted, and the coefficient B= D/S is taken according to the curve in 


Fig. Lb. 


Method of calculating the self-excitation process 


Let us examine the principal single machine system of rheostatic braking with 


4 an equivalent circuit (Fig. 2). 
q We shall assume that the number of turns in the equivalent circuit is equal to 
b the number of turns in the self-exciting winding, i.e. @, = @, = @; all the turns in 
' the excitation winding and all the turns in the circuit are coupled with the total 
’ flux & at the main poles, i.e. the coupling coefficient between the windings is 
4 unity and there is no leakage; the voltage drop in the brush contact with the col- 
: lector can be expressed by the linear dependence (1). Under these conditions the 
; e.m.f.’s, induced by the flux ¢ in the windings, equal: 

d@ 
é at . (9) 
: For the system in question, the following basic equations can be set up: 
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d@ 
trl, (5) 


The coefficient o allows for the influence of the inductance of the armature 
winding and additional poles and is the ratio of the total e.m.f. of the circuit 


self-induction to the e.m.f. e,. In the first approximation, assume that o = 1.15. 


In so far as 


where & = 60A V,, is the machine constant, so, in solving the equations shown, 


we obtain: 


r, +8 
3+ ) 
Express the linear section of the magnetization curve by the equation 


e 
=a + bi, 


A (7, +8 bnji 
wrod (sr, +7, + 8) 


Taking into consideration that at the initial moment (when ¢ = 0) i = 0 and that 


the magnetizing current and the armature ¢, current are linked by the relationship 


If we assume that r, = ~ in formula (10), i.e. with no allowance for 
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by integration of equation (8) one may obtain: 
wkb (r B)) or. + (r B 
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Self-excitation of d.c. traction motors 


FIG. 3. The graphic determination of the equivalent circuit current. 
] — static magnetization characteristic; 
2 — dynamic magnetization characteristic; 


3 — drop in voltage in active resistance of armature. 


FIG. 4. The dependence of the relative resistance of the equivalent 
circuit on the product éo/,,. 


currents, then we shall obtain an equation, which respond to the simplest system 


without an equivalent circuit: 


nb —(n, + By 


The calculation shows that it is impossible to disregard the influence of 
eddy currents. Formula (10) provides quite satisfactory results for the various 
conditions of self-excitation. Discrepancy between the calculated and experi- 
mental data only oceurs at very low running speeds and smal! currents in the 
steady state, which is explained by the increasing effect of minor factors. 
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Experimental determination of the resistance of an equiv alent circuit 


We proceed from the hypothesis that the magnetic state of a machine in every 
system is determined by the static magnetization characteristic (1) (Fig. 3) and 
by the resultant magnetizing current i = i, + i,. In this way, if curve (2), plotted 
according to experimental self-excitation data, is lower than curve (1), then it is 
necessary to consider the calculations in Fig. 2 as a result of the influence of 
the current i, in the equivalent circuit in the presence of dynamic magnetization. 
Che method of determining this current is as follows. 

[he machine magnetization characteristics are plotted from experimental 


data: static (1) and dynamic (2). Then for a certain current :,, ac« ording to curve 


(2) (point a) the appropriate values of the e.m.f. e/n are found. Using curve 1 


(point 5) current ¢ ts related to the e.m.f. values. The difference in the abscissae 
of points a and } determines the value of the current é,. 

In the calculated system (big. 2), the self-exciting winding of the machine 
and the secondary circuit are entirely coupled with the total flux, i.e. there is no 


leakage and e) = e,. In these conditions the resistance of the secondary circuit 


is purely active 
(12) 


lhus to calculate the current i, and the resistance r, it is necessary to dis- 
cover from the self-exciting experiment the dependences e/n = and e, =f i,), 
for which one must plot an os¢ illograph of the voltage in the armature U, and in 


the self-exciting winding l,, and then calculate 


(14) 


(he self-inductance factor of the armature can be determined experimentally 


or ¢ alculated from the armature’s parameters. 


0.827 aPa 


(15) 


fhe method stated has been used to study self-exciting processes of various 
traction motors at running speeds (0.1 — 1.2)n; and at load currents (0.4 — 1.5) /). 


kxperiments show that the dynamic magnetization characteristics deviate more 
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from the static magnetization curve and approach the line of the voltage drop, in 
the active resistance of the circuit, the more intensively excitation occurs. 


When the self-exciting process is calculated according to formula (10), the 
resistance of the equivalent circuit can be taken to be constant and can be chosen 
depending on the conventional criterion of process dynamism expressed by the 


product /, e,. 


If we generalize experimental results in relation to C r,/ray = f (Lyeo), we 
shall obtain a graph (Fig. 4), which can then be used for the choice of Fes 
since these relationships, plotted in relative units, can be considered as univers- 
al, and characteristic of the general rule for various traction motors. 


For a unit of the product A €o, let us take the product of the machines hourly 
current by 1/50 th of the rated voltage on the collector. For a unit of the equival- 
ent circuit resistance let us take resistance r,, determined experimentally with 


eo = 0.02 U; and i, 


rhe influence of various factors on the self-excitation process 


Speed. When the resistance of a braking circuit is constant, the deceleration in the 


speed of the machine leads to an increase in self-excitation time and to a simult- 
aneous reduction in the steady state current, (Fig. 5). The curves. represented in 
Fig. 5, are obtained experimentally; they are practically in conformity with the 


calculated characteristics of self-excitation. 


If the resistance of the braking circuit is controlled in such a way, that the 
steady state current remains constant, irrespective of the braking speed, then the 
reduction of the machine's speed also causes an increase in the time of self- 
excitation, but to a less extent than when r, = constant. Curves of the dependences 
between the time of self-excitation up to a current equal to 0.5 /,, and the speed 
of the motor (Fig. 6) provide in this respect a visual representation and can be 
useful when it is necessary to estimate quickly the influence of a speed variation 


on the self-excitation process. 


When examining the regions occupied by the characteristic i = f (t), which are 
plotted in relative units (Fig. 7), one should note that their initial section is more 
sloping, when the machine’s speeds are extremely low, which is explained by the 
growing unfluence of the transient resistance of the brush contact with the collec- 


tor. 


The residual induction of the machine. (0.015 — 0.025 of the nominal value, 
which is the usual residual induction value for d.c. traction motors), determines 
the comparatively slow process of current increase in the initial stage of self- 
excitation. When the machine’s residual induction is increased by artificial means 
(e.g. by charging its excitation winding from a separate accumulator battery), a 
sharp reduction in the time of excitation up to a current equal to 0.5 /, is obsery- 
ed, especially when braking at low speeds and when the resistance of the brakiug 


circuit is near the critical. 


It follows from the oscillograms that an increase of the machine’s initial 
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FIG. 5. PT-35a motor’s self-excitation characteristics. 
l-—r,=4.5 550 rev/min; 
4.50 : 410 rev/min; 
4.52 . 320 rev/min; 
4.52 . 280 rev/min; 
78 A . 450 rev/min; 
78A: 200 rev/min; 
78 A ; 150 rev/min. 


os 


FIG. 6 The dependence of the exciting time up to a current 0.5 /, on speed. 
1—J/, = 105 A; 
3-/,= 624; 
=4502; 
= 0.802. 
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magnetic flux by 2.5 and 5 times causes a reduction in the time To.5 by 2.3 and 
3.9 .imes respectively. In this way the effect of a reduction in the time of excita- 
tion decreases as the absolute value of the residual field increases. 


If a braking system is provided as a means of bringing the brakes into 
action most speedily while a train is still coasting and light braking is applied 
when the machine has an e.m.f. e,,o, then when the resistance of the self-excita- 
tion circuit is varied, a reduction in the exciting time is also observed. Here, the 
reduction is approximately the same as when the ¢.m.f. e, is increased to the 
value €,. In this way, from the point of view of reducing the time of excitation, 
braking and super-posed magnetization are about equally effective, but it is dif- 
ficult to obtain a stable braking system with a small current without using a 


coasting system. 


It is often desirable to be limited to the superposed magnetization of only one 
machine in the prevalent crossing system of braking. Experience shows that in 
this case, owing to the levelling characteristics of the crossing system in the 
circuit of the machine (with a disconnected load rheostat) there is a small equal- 
izing current, in consequence of which the initial e.m.g., produced by the super- 
posed magnetization of one of the machines, is approximately equally distributed 
between both machines. Here the self-exciting process in both machines is approx- 


imately the same. 
Determination of the resistance in an equivalent circuit 


The above method for calculating the self-excitation process can be practical- 
ly applied in the case when the resistance of the equivalent circuit is known. 
Usually a calculator only has technical data about the machines at his disposal. 
Therefore, it is desirable in some way to relate r, to the known data. For this we 


use the following method. 


We shall calculate the minimum resistance re of the traction motor’s equiva- 
lent circuit, starting from the proposition that eddy currents in the cells of the 
magnetic circuits occupy the total capacity of these cells. 

We shall then carry out an experiment with the self-excitation of the machine 
under consideration in rated conditions (e, = 0.02 U); 1, = 1); n = nj) accepted by 
us and, employing the method stated above, we shall determine the value of the 


resistance r,; of this circuit, which satisfies the conditions of equivalence. 


The relationship r,;/r. = 8 characterizes the “charging” of possible circuits 
with eddy currents under normal conditions of self-excitation. In as much as the 
coefficient 8 express the relative connexion between the parameters, its value 
must be approximately constant for machines of analogous design which has been 
confirmed by experience. 

When the value of the coefficient 8 is known, determination of the resistance 
r, of the equivalent circuit of the machine in which we are interested under any 
conditions of self-excitation leads to the calculation of the resistance r, of this 
machine and using this relationship 


cr 


Self-excitation of d.« 


traction motors 


(0.5- 1.0) nj; 


FIG. 7. Regions, occupied by characteristics of self-excitation. 


(0.1-0.2) n;. 


FIG. 8. An outline of the pole and eddy current circuits in the 
ma tic 


system of a traction motor. 


(16) 
where C — the coefficient, which determines the variation of resistance r, under 


self-exciting conditions, which are different from the rated conditions, (big. 4). 


‘ 
We shall note that certain types of machines (DPE-340, etc.) have solid 


metal flanges on their main poles. These and cells similar to them are artificial 


secondary circuits, the resistance ry of which, applied to the turns of the exciting 
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winding, must be studied when the resistance of the equivalent circuit is calcu- 
lated. The latter is determined in this case from the formula 


f 


We shall conventionally determine the maximum conductivity of the eddy 
current circuit in each separate cell of the magnetic circuit for the case when 
the magnetic flux is concentrated in a small field near the longitudinal axis of 
the cell, while the eddy currents are circulated throughout its entire capacity. In 


this instance for a rectangular prism. 


[he maximum conductivity of all the eddy current circuits in the motor’s 
magnetic system when taking into account the conditions of the coupling between 
each circuit and the overall! flow, using the symbols in Fig. 8, equals: 


a,h, 
U,S (L, + by) 


a,h, a,h, 
2l, 7 dl, 


lhe corresponding minimum circuit resistance applied to total number of 


turns w in the machine’s series winding, 


where 25 — number of the machine's main poles. 
The specific resistance of the base material depends on temperature r. For 
soft steel. from which the casings of traction motors are usually produced, one 


can assume that 


p == 1.35x10-* (1 +- 0.0063). 
(20) 


Experimental research into self-excitation of tramway traction motors with 
2p 4 and the corresponding calculations enable us to establish that if the cal- 
culation of y, is produced in accordance with formula (18), then for this charac- 
teristic design of traction motors, one may assume that the coefficient 8 = 10. 
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Methods of stepping up machines’ initial magnetic flux 

One should note that the residual field of effective d.c. traction motors, 
employing rheostatic braking in their systems, is inadequate owing to the fact 
that measures have to be taken to augment it. It seems to us, that the only rad- 
ical solution can be to insert into the traction motor’s magnetic system a coer- 
cive force which is sufficient to create the requisite initial magnetic flux. The 
most natural and acceptable way of achieving this is by the introduction of suit- 
able admixtures into the steel, of which the engine's casing is made. This mea- 
sure can and, positively must be used in the manufacture of new traction engines, 
designed for rheostatic braking. As far as the existing sto« k of machines is con- 
cerned, here the simplest method is to introduce into the machine's magnetic 


system special washers of magnetically hard material. 


The DTI-60 type of traction motor was constructed in this way by the author 
together with the engineers, G 1. Romanov and la. A. Reifer. The magnetic wash- 
ers were cast from an alni alloy and, after they were ground, had a thickness of 
8 mm. The core of the pole is slit by a cutter at the top in such a way as to retain 
sufficient thread in its shoe section to screw in bracing pins. Then part of the 
core is subjected to grinding along the edges of the slit until a smooth surface 
and the necessary clearance of 8 mm are obtained. A washer is inserted between 
the slit parts of the pole, the latter being put into position and fastened with 
bolts. Moreover the overall height of the pole is retained. Iwo opposite poles 


were reconstructed from four poles of a machine in this way. 


In complete conformity with calculations such a measure stepped up the 
mac hine’s residual field by 3.5-4 times, whereupon the initial e.m.f. at the stand- 
ard running speed increased to 36 V. The machine's magnetic characteristic in 


the normal load range remained constant. 


ests on the motor showed, that, compared with the usual machine, it self- 
excited more quickly in the initial stage of the process. However, when the motor 
was reconstructed the dependence i, = / \t) had less twist in the range of average 
current values, which is explained by the emergence of considerable eddy currents 
in the magnetic washers, which were continuous andhad good electrical conducti- 
vity. Excellent reliability of self-excitation was thus attained in this experiment, 
but we did not succeed in obtaining a substantial curtailment of the time of self- 
excitation. This can be ensured if the magnetic washer is divided into separate 


cells or (which is preferable) made by a process of power metallurgy. 


Conclusions 


1. The magnitude of a machine's initial e.m.f. is one of the important factors, 
which ensure quick and reliable self-excitation, and therefore it is essential to 
increase the volume of residual induction in machines to 5-8 per cent of the 
nominal value. 


2. The increase of residual induction of motors under construction must be 
accomplished by producing machine frames of steel with an inc reased coercive 
force, andin existing machines by using magnetic washers in the poles. 


Translated by Bovland 
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SYNCHRONOUS MOTOR WITH EXCITATION FROM 
SEMICONDUCTOR RECTIFIERS *' 


SIUNOV and N.M. TARASO\ 


(Received 22 October 1958) 


The substitution of semiconductor rectifiers for machine exciters in synchronous 


machines is of considerable interest. 


The choice of the excitation circuit for synchronous compound motors exerts 


a decisive influence on their working characteristics. 


The excitation circuits of synchronous motors should satisfy the following 
requirements: 


(a) satisfactory starting characteristics, steady pulling in synchronism for 
asynchronous starting under load, including rated load; 


(6) a high static and dynamic overload capacity and good operational 

characteristics. 

Theoretical investigations and tests of synchronous generators working as 
motors with excitation circuits described in |] and 2], have shown that for asyn- 
chronous starting they were pulled into step with difficulty and are unstable in 
operation when the load varies within wide limits. Motors with a mixed excitation 
developed in 1954 by the Institute of Electrical Technology of the Academy of 
Science of the Ukr. S.S.R. [3], appear to be very promising. 


lo simplify the excitation circuits of synchronous motors with semiconductor 
rectifiers it is advisable to use special transformer sets which, under all opera- 
tional conditions, ensure the proper working of a motor with a leading current. 


For feeding the excitation circuits of synchronous motors the authors have 
used a three-phase three-winding transformer controlled by a movable magnetic 
shunt or — for higher power — by a choke in the primary winding circuit (Fig. 1).' 

The excitation winding of the motor SM is fed by the rectified current from the 


secondary winding of the three-winding three-phase transformer. 


* Elektrichestvo No. 2, 40-43, 1959. 
t The investigations which have been carried out have shown that the operation of both 


the circuits in question is identical. 


Semiconductor rectifiers 
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FIG. 1. 


Lhe transformer series winding Ww, 18 connec ted in series opposition to the 
orimary w, and to the secondary w, windings, the latter two being connected 


accordingly. The current, which flows in the series winding, leads the voltage of 
in phase, and this brings about a good pulling into step when 


the primary winding 
during stable operation with a current leading within a wide 


starting the motor and 
range of load fluctuations. 


If we ignore the steel! and winding losses, the leakage fluxes in the air and 


the magnetizing current the equivalent circuit shown in big. 2 corresponds to the 


transformer sets in question. 


The parameters of the equivalent circuit, for the case when an additional 
choke is present, are: x.) — choke inductance; rj = ry (w,/w)? — equivalent 
of the motor excitation circuit (at the rectifier input) applies to the 


resistance 
In the case of control by a magnetic shunt instead 


transformer primary winding 
of a choke with the same notation as tn Fig. 2, we have: 


where Ky, shunt reluctance: 
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FIG. 2. 


RK, — transformer reluctance on a portion of the primary winding. 


From the equivalent circuit we find the secondary current, (in practice, the 
motor excitation current): 


When the circuit parameters remain constant, the current [; is determined as 
the geometrical sum of two currents, of which one is proportional to the grid volt- 
age, and another to the stator current; i.e. the usual condition of the compound- 
ing of a synchronous machine is satisfied. 


tig. 3 shows a vector diagram for the excitation circuit of a synchronous 
motor; this diagram is constructed on the basis of formula (1) and (Al-A3) given 


in the Appendix. 


During no-load running of the motor (triangle OM,.A) we have: 
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*ch, 
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The position of the working point M, on the diagram during no-load running is 
determined by the angle a or € = cos a. The value of ¢ can be taken as the basic 
quantity for calculating the parameters of the excitation circuit for no-load run- 
ning of the motor. It is easy to show that the inductance x, can be found from 


the formula: 


when & = 0.707, i.e when x.) = ry the size of the choke becomes minimum. On 
loading M becomes the working point. The straight line WM is the locus of the tips of 
the vectors — U;, — /;, — U.y when the motor load varies and angle @ = const. 
The straight line M4 is the locus of the tips of the vectors /, under the same 


conditions. 
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FIG. 4. 


As can be seen from the vector diagram, in the excitation circuit the choke 
maximum voltage and the choke current (in the primary winding) will occur during 
no-load running of the motor. It is necessary to point out that if the voltage of the 
primary and the current of the secondary windings, which are situated on the same 
transformer core, are of the same phase, then on loading the working points on the 
diagram will be points MW‘ and C % i.e. the voltage and current of the choke primary 


winding sharply increase with loading. 


I'he secondary current during no-load operation /,, represented by the vector 
OM,, is added on loading to the secondary current, which is proportional to the 
load and represented by the vector MM. The magnitude of this additional current 
of the secondary winding /,-}, should be such that the total secondary current /,, 
represented by the vector UM should correspond to the motor excitation current 


for a given load (usually the rated load). 
Expression (1) for the motor rated load is of this form: 


where § is the argument of a complex number 


From expression (6) we easily find 


To analyse the variation of the motor excitation current when x,),, w,, w, and 
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FIG. 5. Dependence of cos @ on the load for the motor SM-81-4. 
l *xcitation current for no-load running; 

IS A, U = Uj; 
15 A, U = 0.85 U); 1960 
15 A, 
17 
12 A, 

vary we write expression (6) in the following form: 


From this it is easy to investigate the variation of the motor excitation current 
when parameters x.),,u,,.u, and w, vary, and this is important for adjusting the 


circuit. 


It follows from the above considerations that the parameters of the excitation 


circuit of the compound synchronous motors discussed should be determined by 


the no-load running and rated conditions of the motor 


A vector diagram is plotted in Fig. 4 on the basis of expression (7). The 
semicircle AMD is the locus of the tips of the current vectors /, when the angle & 
varies and / = const. From this diagram we can see that with @ decreasing, the 
current /, increases. This brings about an increase of angle w. Due to this fact, 
stable operation with a leading current within a wide range of load variations is 


ensured. 


66 
E.MK.[cose | | 
| 
| | | 
oa 
J | 
10\- 
| al 
i | 
08 16 20 
le? = 
| r, + 
(7) 
le 
2 
| *ch w, 
: 
: 


160 


Semiconductor rectifiers 


k VA (reactive power) 


ai 


| 


4 


04 08 12 16 20 24 


. 6. Dependence of the reactive power on load for the motor SM-81-4. 


1 — excitation current for the no-load running /,,, = 15 A; U = Uj; 
-lexo = 15 A, U = 0.85 Uj; 
lexe 15 A, l 1.15 Uj; 


for a constant excitation current /,, = /,,) = 22.5 A, U = U). 


An asynchronous starting when the motor operates with an inductive current 
sufficient excitation current is also ensured for pulling into step on loading. 

If the current of the series and the voltage of the primary windings of the 
transformer are of the same phase then the locus of current vector /, would be the 


semicircle A’ M’D’, and from this it is easy to explain the motor’s unstable oper- 


ation in the presence of load regulation and bad pulling into step. 

The basic propositions expended in this article were verified experimental- 
ly. For this purpose synchronous motors of 57 kW (type SM-116-6), 155 kW (type 
DS-113-8) and 175 kW (type SM-137-8) were tested. Motor SM-137-8, with the ex- 
citation circuit discussed, was tested under normal operating conditions in a 
compressor plant. 

Let us consider the results of the tests on motor SV-81-4 since the results of 
the tests of the remaining motors are similar. 

The motor rating was: P 9.5 kW, l 220/380 \ 9 / 39.5/22.5 A, n 1500 
rev/min, cos & = 0.8 (leading). The results obtained from the tests were: 

13.2 A; /.,y= 225 A; Up, , = 20 V. The motor rotor was provided with a 


copper starting cage. 


As the tests have shown, in order to maintain cos 4 constant, for a wide 
range of load variation, it is necessary to over-excite the motor during no-load 
running. Therefore, the excitation circuit was adjusted in such a way as to give 


leze = ISA, leg = 22.5 A. 
Fig. 5 shows experimentally obtained curves of cos @ as a function of load. 

It follows from examination of these curves that cos @ of a compound synchron- 

ous motor decreases with the decreasing grid voltage (curves | -3). This varia- 


tion of the motor cos & is favourable for the feeding grid. 
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FIG. 7. Dependence of cos © and reactive power on the load tor the 


motor SM-81-4 with a reduced air gap (0.47 mm) 
l and 2 


excitation current during no-load running 
Sand ISA; 0.8 U; 


TABLE 1 
Facitation circuit 


Semiconductor rectifiers 
Machine excitor 


Fig. 5 also shows the curves of the cos © variation for various adjustments 
of the circuit during no-load running (curves 1,4 and 5). The adjusting of the 


circuit was done by changing the position of the magnetic shunt of the three- 


winding transformer. These graphs show that for the excitation circuit tested, it 


is possible to control the motor cos & by changing the position of the shunt (the 


choke impedance), and this is particularly important for the motor operation with 
a reduc ed load 


Fig. 6 shows the curves of the dependence of the motor reactive power on the 
load for different grid voltages (curves ]-3) 


This figure 
dependence (curve 4) in the presence of a constant ex 


lew = leg = 22.5 A. 


» shows an analogous 
ition current 


The results of experiments for determining the static and dynamic overload 


capacity of the compound motor are given in the table, where for comparison are 


shown the corresponding data for the same motor working with a machine exciter. 


The dynamic overload capacity was determined by an instantaneous increase 
of the motor load when running under no-load conditions. 
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As can be seen from Table 1, the performance of a compound synchronous 
motor is considerably better than that with a machine excitor, and this fact con- 
siderably increases the possibility of the use of compound motors for industrial 


purposes. 


kxperiments have shown that a motor on rated load remains in step when the 
arid voltage falls to 0.65 { j lhe motor satisfac torily pulls into step during asyvn- 


chronous starting at the rated load. 


The motor was also tested with a reduced air gap and with a brass starting 
cage. Since during no-load starting the excitation current tn this case was equal 
to 11.6 A, the optimum characteristic was obtained for the circuit adjusted for a 


current = 13 A (hig. 7). 


A motor with a reduced air gap supplies the grid with a greater reactive power 
when the grid voltage decreases (curve 4). This is explained by a greater shift of 
the U-shaped curves with the variation of the voltage of the motor with a reduc ed 


air gap and also by the properties of the regulating device 


160 The maximum static overload capacity for a circuit adiusted to the excitation 
current /, 13 A,was equal to 4? the dynamic overload capacity was equal to 


2.8 Py 


xe 


Conclusions 


This investigation of compound synchronous motors with a excitation circuit 


has shown many of their useful properties. 


1. These motors have a practically constant cos © within a wide range of 
load variations. The excitation circuit permits casy adjustment of the motor to 


operating conditions. fF or instance, it is possible to increase the reactive output 
power for small loads. 

2. The motors have considerable static and dynamic overload capacities. 

} Motors on rated shaft load do not fall out of synchronism with a consider- 
able decrease of the grid voltage, and due to this fact, there is no need for volt- 
age forcing of the compound motors. When the grid voltage drops, the output of 
reactive power increases from the motors. 

4. The motors steadily pull into step when starting on full load. 


5. In designing the motors we can choose a considerable smaller air gap in 


comparison with the motors with a machine excitor where the magnitude of the 
gap is determined by the condition of motor stability. The magnitude of the gap 


for compound motors is determined by the conditions of the permissible value of 


additional losses and mechanical reliability, since stability is ensured by the 


excitation circuit. 


6. The motors can work under shock and pulsating loads. 
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Appendix 


From the equivalent circuit in Fig. 2 we get for motor operation on load: 


(A,1) 


(A, 4) 


where & is the shift angle between the grid voltage and the motor stator current. 


laking into consideration (A 4) we get 


Translated by S. Szymanski 
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A NEW METHOD FOR DETECTING MOISTURE IN THE 
INSULATION OF TRANSFORMER WINDINGS * 


B.A. ALEKSEEV 


(Received 27 October 1958) 


Control over moisture in the insulation of transformers has recently received 
great attention both in the U.S.S.R. and abroad. The necessity of moisture control 
is dictated above all by the possible loss of dryness in a transformer in those 
cases where its insulation had absorbed slight amounts of moisture during trans- 


portation, repair or assembly. 


rhe existing methods of moisture control suffer from a number of shortcomings 
which frequently render their application difficult. In addition to the degree of 
humidity in the insulation, the presence in the latter of local defects and the 
geometric dimensions of the unit being measured have a great effect on the mag- 
nitude of the resistance of the insulation in the winding being metered The loss- 
angle tangent is produced at high voltage, which creates considerable difficulties. 


According to existing instructions |1]|, the connexion of a large undried trans- 
former is permissible when there is a variation of less than 30 per cent in the 
magnitude of the loss-angle tangent as compared with that metered at the works. 
Since the error in the industrially produced mark MD-16 bridge designed for oper- 
ative metering is of the order of 0.3 per cent of the magnitude of the loss-angle 
tangent of the new transformer at a temperature of + 20°C, this condition can only 
be made approximately for low-moisture transformers, and in doubtful cases heat- 
ing of the transformer is required. The method making use of the dependence of 
capacitance on temperature also requires special heating. Measurements of the 
absorption factor and the dependence of the capacitance of a unit on frequency 


are less effected by moisture in the insulation. 


Thus, it is required that the method of detecting insulation moisture should 
combine high sensitivity to the presence of moisture with facility of operation. In 
this connexion works have appeared in recent years on the improvement of methods 
of insulation moisture control. Particular note should be taken of the develop- 
ments made by the E.R.A. in Great Britain [2-5], on the basis of which an instru- 
ment was produced for controlling moisture in power transformer windings. The 


* Elektrichestvo No. 2, 58-63, 1959. 
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device meters the voltage rec overing as a result of absorption phenomena after a 
transitory short-circuit of a previously charged unit. The in reased application of 
this device for controlling the transformer drying process has been noted (5). In- 


formation exists on the batch production of these devices, beginning in 1955. 


Mention may also be made of studies carried out by the laboratory of the 
electrical equipment industry in France |6 and 7|, on the basis of which a method 
was developed for detecting moisture in insulation, also using absorption pheno- 
mena in non-uniform dielectric. Information is not yet available on the wide appli- 


cation of this method. 


In the Soviet Union the development of new methods of controlling moisture 


in the insulation of transformers began in 1946. Since 1954 work has been in 


progress at the VNIIE 4 on the improvement of « apac itive methods of moisture con- 
trol by increasing their sensitivity. Initial developments tended to broaden the 


frequenc y range toward extremely low frequenc ies (down to 0.3 c/s) in the use of 


the “capacitance-frequency” method. It was found that metering equipment and 


the ac tual metering process were greatly complic ated as a result. In the latest 


developments it has been expedient to « hange from the periodic repetition of the 


“charge-discharge "cycle to a single charge and discharge in metering the capacit- 


ance of a unit. 


This principle is the basis of the new “« apacitance-time” method, which is 


the latest development in capacitive methods of controlling moisture in insulation *. 


The “capacitance-time” method 
Capacitance metering as applied to thie method is carried out in the follow- 
ing manner: the unit to be metered, which has been previously charged with a 


voltage of known magnitude, is connected to a calibration capacitor. The voltage 


on the latter after overcharging will be 


(1) 


where U is the charging voltage, C is the capacitance of the unit being metered, 


and Cy is the capacitance of the calibration capacitor. 


Having measured the voltage on the calibration capacitor, the capacitance of 


the unit being metered can be determined. In the case where overcharging occurs 


instantaneously, the voltage on the calibration capacitor jumps to the value Uy 
and remains constant. In the presence of slow polarization processes in a non- 
uniform dielectric, the value Uy will rise with the lapse of time The increase in 
voltage metered in the course of a certain time is a measure of the increase in 
capacitance as a result of its *inertia” component. The ratio of the metered in- 
crease in capacitance to the capacitance measured immediately after the instant 


* Author’s Patent No. 101171 with priority from 21/11 53. 
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FIG. 1. Polarized dielectric equivalent circuit. 


of discharge (the relative increase in capacitance) is determined by the specific 
content in the equivalent circuit of the dielectric of slowly developing capacit- 
ance components (Fig. 1). These components are the result of the presence of 
intralaminar polarization processes in moist insulation. 
In metering the increase in capacitance, the geometric capacitance of the 
160 unit ©. is previously discharged by means of a transitory short-circuit of the 
unit which occurs in the first instant of measurement. 


5 The increase in capacitance, which is metered by a mark EV instrument 


capacitance-time” method, can be found arti- 


designed to detect moisture by the 
ficially if the parameters of the dielectric equivalent circuit are known. The 


“inertia” component discharge current in the equivalent circuit during a short- 


circuit of the unit will be briefly: 
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FIG. 2. Dependence on time of discharge current in winding 
insulation of power translormer 


LAG 


During metering of the geometric capacitance (7 = 0) 


values is equal to the relative increase in capacitance VCC, 


The ratio of these 


and 1s expressed as 


Bhen f + ~, the condition 


will be true. This means that after a reasonably long metering time the relative 
increase in capacitance is approximately in magnitude to the constant consequent 
of the dielectric. which, as is known, canbe used as a good dielectric moisture 


characteristic 
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In order to obtain a relation suitable for the practical calculation of readings 
from an V-type device, consideration must be made of the time in which the unit 
is shorted during the preliminary discharge of the geometric capacitance. The 


voltage on each capacitance component during this time drops to the value 


fend 
‘a 


—Ue (8) 


where t.n4 is the short-circuit time of the unit. Thus, 


\ 


The dependence of the insulation discharge current on time was experimental- 
ly determined for the verification of these relationships on the winding of a power 
transformer studied with an F'V-type device. Fig. 2 shows one of these relations. 
Graphic resolution of this curve into exponential components gave the following 


results: 


V, exponents ...... | 2 3 4 5 6 


C, 8600 158 75 170 865 65900 


After measurements with the mark E-V-2 device in which the metering time 


was 1.12 sec and the preliminary discharge time 40 » sec, the relative increase 
in capacitance with correction for error in this device was 6.5 per cent. 


The value of \C/C obtained with expressions (6) and (9) was 6.45 per cent, 


which is very close to the measured value. 


This method of calculation is used in those cases where the parameters of 
the equivalent circuit of the unit being measured are known, for example in ana- 
lysing the possible results from metering transformers filled with oil, in the case 


of dry, solid insulation (see below), etc. 


Insulation measurements by the “capacitance — time” method 


The “capacitance — time” method has been subject to detailed examination 
in laboratory and operating conditions. The effect of different factors on the mag- 
nitude of the relative increase in capacitance of insulation — temperature, humid- 
ity, filling with oil, etc. — has been studied. As a result of numerous experiments 
on insulation models and actual power transformers, the special features and cha- 
racteristics of the method have been established. 


The degree of humidity in the transformer has a major effect on the magnitude 


of the relative increase in the capacitance of the insulation. Experiments conducted 


ia 
; 
| 
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on electrical paper board models showed that the value of \C/C rises almost 


directly with an increase in the specific content of moisture in the insulation 


The effect of moisture in transformer winding insulation is very pronoun ed 
when measurements are taken before and after the drving of damp transformers 
The value of \C/C changes many times here. For instance, 65.5 |. of moisture 
were extracted when a new mark TDG-15,000,/ 110 transformer was dried at the 
works. The value of \C/C decreased in different windings from 35-53 to 1.9-3.1 
per cent (measurements were made with a mark E-V-2 device at a winding temper- 


ature of + 30°C; the transformer was taken out of the tank) 


Observations of the self-moistening of transformer insulation are of partic ular 
interest when the transformer is taken out of its tank and set in the open air Here 
a pronoun ed change in \C/C begins almost from the very instant when the trans- 
former is withdrawn from the tank, and after the laps of several seconds VC) 


has increased to considerable magnitude 


An example may be taken in the control of self-moistening mark T'M-5600 35 
transformer, the withdrawn section of which remained in open air for a long time 
after drv ing After the first 5 day s’ moisture the value of \C/¢ had risen to 
17.8- 20.7 per cent in different windings, and in the course of the following 20 
davs it rcached 23-30 per cent Subsequent drving reduced \C,C to 2.8-4.0 per 
cent. Experiments conduc ted on a considerable number of transformers not filled 
with oil, as is shown below, fully confirm the possibility of reliable moisture 
control with the aid of EF. V-type devices in the removed section during transport, 
assembly and repairs without spec ial heating It is not possible to reproduc e such 


control effectively by other methods in view of their small sensitivity or accuracy. 


The value of \C/C depends on the degree of humidity to the same extent as 
the magnitude of the loss-angle tangent, and even more 80 in some cases. llowever, 
accuracy in determining small degrees of humidity with the F V-type device is 


several times greater than with the mark MD-16 bridge, due to the greater capacit- 


ance sensitivity of the former. 


The effect of the presence of oil in the transformer is characterized by an 


increase in sensitivity to moisture tn the insulation and a considerable depend- 


ence of EV device readings on the nature of the oil. 


The rise in sensitivity to moisture in the presence of oil is the result of an 
increase in the proposition of capacitance in the solid insulation, which is the 


focus of moisture, relative to the total capacitance of the insulation. 


of the metering results on the properties of the oil with 


The dependenc 
ean be analysed making use of the above me ntion- 


which the transformer is filled, 
In its simplest form the insulation of a transformer filled with 


ed relationships. 
as a series connexion of a layer of oil and a layer of solid 


oil can be considered 
insulation. Knowing the geometric parameters, the dielectric constant and the 


volume resistivity of each layer, it is poss ble to determine the capacitances and 
quivalent circuit tn the bilaminar dielectric (Fig. 3). The para- 


resistances of the e 
| substitution circuit (See Fig. 1) can be obtained from the 


meters of the genera 


differential equations for the transient processes in a bilaminar dielectric. 
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FIG 


3. Bilaminar dielectric equivalent circuit. 


a actual; 6 equivalent. 


160 
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FIG. 4. Variation in value AC/C in the presence of different oil and 


solid insulation properties. 
Pos — specific volumetric resistance of solid insulation; 


Poo — specific volumetric resistance of oil. 


The equivalent parameters will have the form: 


Ci tls 
k= (r,C, - r,C,)* 
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On the basis of relationships (9) and (10) the relative increase in capacit- 
ance which is measured by the EV device can be calculated for different relation- 
ships between the conductivity of the oil and the solid insulation (assuming that 
the oil and the solid insulation are non-polar). 


ig. 4 shows the results of a similar simplified analysis applied to the insu- 
lation of a mark TM-1000/10 transformer. The relative increase in capacitance is 
given for three grades of oil, beginning with high purity oil (op, = 2x 10°02 cm 
at a temperature of approximately + 20°C), and ending with poor quality oil 
7x 10" em. 

As Fig. 4 shows, the dependence of the relative increase in capacitance on 
the relationship of the volume resistivity of the oil and the solid insulation is a 
complex one. The most practical interest is to be found in the section of the 
curves where Pr 1o* — 10° 2 cm, which generally corresponds to good 
quality solid transformer insulation at a temperature of 20-30°C. The course of 
the curves shows that even in the presence of low-moisture solid insulation and 


average quality oil filling the transformer \C/C can reach a considerable mag- 


nitude. 1960 


rhe rise in temperature of a transformer filled with oil, increasing the oil 
conductivity, leads to an increase in \C/C in accordance with the oil resistance 
temperature factor. With the existing dependence of the volume resistivity of oil 
on temperature, it is possible to determine the desired dependence on temperature 
of the E-V device readings for a dry transformer, the characteristics of which are 
known. Calculations thus made corresponded well with results from experimental 


data. 


According to experimental findings, the value of \C/C increases when the 
temperature rises 1.5-1.7 times by 10°C within the limits from + 20 to + 100°C in 
transformers not filled with oil. There are grounds to suggest that in the presence 
of winding temperatures from + 20°C down to negative temperatures, the sensiti- 
vity of the “capacitance — time” method will be sufficient for the reliable detec- 


tion of moisture in the insulation of transformers. 
The EV -type device 


The t.V-iwpe devices were developed at the VNIIE” for metering by the 
“capacitance — time” method. The latest model, the EV-3, several of which were 
produced in 1957-1958, makes it possible to measure the capacitance and the 
increase in the capacitance of transformer winding insulation relative to the 
frame in a range up to 50,000 p uk. 


rhe error of measurement is less than 5 per cent in the presence of measured 
capacitance values of 200-50,000 » uk (when the insulation resistance of the 
unit is not less than 100 {)). The device is supplied from a 220 V network; the 
power required is approximately 40 W. 

Che L-V-3 is equipped with apparatus determining the presence during measure- 
ments of interference from other live objects. The instrument weighs 5kg; its dimens- 
ions are 210x 310x 135 mm; a front view of the device is shown in Fig. 5. 


— 
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FIG. 5. Type EV-3 device 


Fig. 6 gives the simplified circuit of the EV-3. It operates as follows: during 


capacitance measurement the unit is charged from a + 300 V source, and is then 


discharged onto a calibration capacitor Cy. The voltage on the capacitor Cy 


enters the metering section of the circuit through contact relay A,. 


Several milliseconds after the beginning of the discharge contact relay K, 
opens and cuts off the metering section of the circuit together with storage capa- 
citor C,,. In the absence of a grid current in valve L,, the voltage left on the 
storage capacitor will remain unchanged for a relatively long period, which is de- 
termined by the dispersion value of the capacitance of this capacitor. The micro- 
ameter in the valve voltmeter L, and L, gives a reading proportionate to the capa- 
citance of the unit. 


In measuring the increase in capacitance the calibration capacitor is shorted 
by contact relay A,, in the first instant of the discharge of the unit, and the geo- 
metric capacitance of the unit is discharged through it. After several milliseconds 
contact K, opens, shorts contact A, and begins to charge capacitance Cy and 
Cy, at the input of the circuit with the slow acting capacitance components of the 
unit being measured. After 1 sec contact relay A, opens, cutting off the storage 
capacitor. In such a manner the voltmeter readings are fixed proportional to the 
increase in capacitance of the unit in 1 sec. 


The voltmeter readings on the :V-3 after the storage capacitor has been cut 
off remain in fact unchanged for several minutes, which is fully sufficient for 
taking a reading. Before the following measurement is made the readings are 


dropped. 
The EV-3 is easily handled and does not require the presence of qualified 
personne! for metering. 


Comparison of the EV-3 with a model of the English device showed that the 
Soviet instrument has better operating characteristics and is considerably more 
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. 6 Circuit of EV-3 device. 


T — tumbler switch; Cy 
A, and A, 


L, — separation cascade; L, and L, - valve voltreter. 


accurate in detecting the presence of moisture in insulation. 


V-type devices have been used experimentally since 1955 in several power 
systems and other organizations. During this period measurements were made on 


between relative increase in <¢ apacitance and other electrical characteristics 
dependent on the degree of moisture in winding insulation. 

The data obtaining in these experiments showed that the most favourable 
parameter for comparison with relative increase in capac itance 1s the dielectric 
loss-angle tangent of the insulation. This is explained by the great sensitivity 


of both methods of measurement to the presence of moisture in the insulation. 


In the great majority of cases the increased magnitude of the relative increase 


in capacitance of anv unit was matched by an increased loss-angle tangent. 


Measurements made with the EV-3 devices on new transformers filled with 
oil showed that the value of \C 
25 and 75 per cent (the | 
per cent). On an increase in temperature of 10°C the value of \C/C rose 1.55 


an average. 


The results of measurements on transformers without oil correspond well with 
the degree of humidity in their insulation.Fig. 7 shows data obtained in measure- 
ments with E:V-3 devices in 1957-1958 on new transformers without oil (values of 
( taken at a temperature of 25°C). 

The “A” group of measurements is for transformers previously dried, and 


group “B” for damp trans 


both groups are clearly divided in values for \¢ 


set of calibration capacitors; 


relay contacts; C., — storage capacitor; 


Measurements on power transformers 


d power transformers with the object of determining the inter-relation 


C at a temperature of 20°C fluctuates between 


oss-angle tangent of the oil is « orrespondingly 0.15-0.35 


wmers after long exposure to air. As is seen from Fig. 
The figure 10 per cent is a 


transformers are found drying, and above which 


Deliow whit 


only damp transformers are found. 


Standardization of the magnitude of the relative increase in capacitance should 
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FIG. 7. Results of measurement of \C/C in a number of 
transformers in operation. 
4 — transformers after drying; 
B — damp transformers. 


be carried out on the basis of a determination of the permissible degree of insula- 
tion humidity established by experiment on typical units. Such studies, however, 
have not until now been made in sufficient volume, and the problem of the permis- 
sible amount of moisture in the winding insulation of power transformers has not 


been properly clarified. 


As experience is accumulated on the application of the “capacitance — time” 
method, it will be possible to establish adequately founded norms (standards) for 
relative increase in capacitance on the basis of the true state of the insulation of 
transformers and with consideration of the existing normal values for the other 
electrical characteristics of insulation. This problem is fundamental to the pro- 


gramme for the further development of the “capacitance — time” method. 


Nonetheless, in the absence of established norms (standard values) of 
\C/C, the application of this method will be quite effective in solving problems 
regarding the advisability of connecting an undried transformer. Comparison of 
the results of measurements on transformers not filled with oil before and after 
transport, assembly or repair makes it possible to detect the entry of moisture 
into the insulation during this time, and thus the solution of the problem of 
whether a transformer must be dried before the oil is poured in is facilitated on 


the basis of a combination of measurements by several methods. 


The “capacitance — time” method can be applied not only for controlling 


moisture in the insulation of power transformers, but for other purposes as well. 


For example, according to preliminary findings, good results are obtained from the 
application of V-type devices for the moisture control of those sections of elec- 


trical machines having micanite insulation. 


It is possible to suggest that the application of this method to the detection 
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of other types of non-uniformity in different materials will be given preference as 
a result of the simple application of metering apparatus with high sensitivity to 


non-uniformity. 


Translated by ¥ .J. Griffiths 
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INVESTIGATIONS OF THE PULSE BREAKDOWN OF CERTAIN 
POLYMERS AND MICA* 


M.A. MELNIKOV 


(Received 8 October 1958) 


Synthetic high-molecular compounds play an important role in electrical techno- 
logy and their use for insulation of electric machines, apparatus, cables and other 
electric and radio devices increases every year. However, the dependence 

of the polymer’s electric al strength both on the time of action of the applied volt- 
age and on their thickness has not been greatly studied. For polymers (1-3) and 
amorphous dielectrics [4] electrical strength does not depend on the time of the 
action of the applied voltage within the limits 10° 10“ sec; in all investiga- 
tions the minimum voltage exposure was for polymers 10° sec and for amorphous 
dielectrics 10° sec. The dependence of electrical strength on the time of the 


voltage action for mica was investigated for exposures up to 10™ sec 5}. 


We have determined the relation between the electric strength and the time 
of action of the voltage for industrial polystyrene steroflex (polystyrene film) , 
fluoroplast . 4 (in films and sheets) organic glass and the mica muscovite for 
voltage exposures of 5x 107% — 10*; the dependence of the electrical strength of 
sheet fluoroplast on thickness was also investigated for exposures of 5 x 10™ sec. 


Specimens of sheet material had dimensions 20 x 20 x 8 mm with electrodes 
“hemisphere against plane”. Thicknesses of specimens with a hemisphere in the 


thin portion, and of films are shown in Table 1. 


The hemisphere and a plane part of the specimens were ground. Klectrodes 
were formed by evaporating tin in vacuum. On the mica films and laminae of di- 
mensions 35 x 35 mm electrodes were formed in the form of two disks: on one 
side 8 mm in diameter and on the other side, 1.5 mm in diameter. Then, on the 


side of the film with the smaller electrode a bronze sphere of 8 mn diameter was 


placed and coated with a bakelite varnish. After drying the varnish in air at room 


temperature for a week, the specimens were punt tured in dry transformer oil bv 
i 3}, for suc ha disposition of 


the front of a single pulse. As was shown by Dittert 
the electrodes and a dielectric thickness of 0.1 mm or less, the edge effect is 


absent. In our experiment the puncture always oc« urred under the sphere. 


* Flektrichestvo No. 2, 64- 66, 1959. 
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TABLE 1. 


Dielectric Thickness (mm) 


Steroflex. 0.021 
Fluoroplast-4 (film)....... 0.032 
Organic glass 0 USo 
Mica 0.025 
Fluoroplast-4 


TABLE 2. 


Spread of electrical strength, 


with reepect t the meen value 


lime of voltage | —_ 


| 


action 


\sec) 


styrene 


Poly 


1960 


Sterofles 


The time of voltage action varied from 3 x 10* to 5x 10° sec. As a measur- 
an electron beam oscillograph was used for record- 


ing single pulses with a pulse feeding of the valve 131.02 S. The circuit of pulse 
A. Vorob’vev and developed jointly with the author, 


ing and controlling apparatus 


feeding was designed by G 
16). 


Fig. 1 shows the puncture oscillogram of polystyrene with the interval of 
time preceding puncture 5 x 10~ sec. 


lable 2 shows the spread of the electrical strength in the presence of vari- 


ous voltage exposures for the dielectrics which were tested. 
From Table 2 it can be seen that the spread of values for every dielectric 
is approximately the same for all voltage exposures. 


Fig. 2 shows volt-second characteristics for the dielectrics tested when the 


90 per cent. For each voltage exposure, 20-35 speci- 


probability of puncture 
} shows volt-second characteristi of steroflex. 


mens were pun¢ tured. Fig. 
lence of the electrical strength of films and mica of the time of 


The indepen 
- 10~* sec indicates the absence of 


voltage action in the range of exposures 10” 
edge and surface discharges, (5 and 7). Therefore we can assume that the puncture 


of films and laminae occurs ina nearby uniform field. 


It is necessary to point out that the film materials (steroflex, fluoroplast -4) 
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FIG. 1. Oscillogram of polystyrene puncture in an interval of time 


before puncture 5 x 10” sec. 


t 
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FIG. 2. Volt- second characteristic of steroflex (1), 
film of fluoroplast-4 (2), of mica (3), of organic 
glass (4), polystyrene (5) and fluoroplast-4 (6). 
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Volt-second characteristic of steroflex. 


FIG. 3. 


have a higher electric al strength than sheet materials of the same « hemic al com- 


position (poly styrene, fluoroplast-4). In connexion with this fact, the question 
different strength of the sheet and film poly sty rene and also of 


arises whether the 

polystyrene and steroflex can be explained by their different thickness. To solve 
this problem a relationship was obtained between the electrical strength of sheet 
>* sec and for thick- 


fluoroplast and its thickness for the voltage exposure 5x lf 
As can be seen from Fig. 4 the strength of fluo- 


nesses varving from 40 to 120 u. 
roplast-4 is only slightly dependent on its thickness. Thus, the difference in 


streneth of the film and sheet fluoroplast-4 cannot be explained by their different 
thickness. Probably this difference is due to their different technological methods 


of produc tron. 
lable 3 shows puncture voltages (uv = 90 per cent), for all dielectrics tested 
at an exposure of 5x 107 sec U t? and for 10° (F.). from the table we see that 
which can be explained by the discharge lag. 


for all dielectrics > Fo 
from oscillograms, according to [8]. the time of the discharge lag ¢; and the 
mean speed of the discharge propagation U,,, for the voltage exposure 5 x 10™ set 
i/t;. (Table 3). The data concerning the 


were determined by the formula v,, 
show that for an exposure 


puncture of rock salt with centres of colour |9 and 10) 


of 10 sec, the static time lag of discharge fo, 18 practi ally e qual to zero. In the 
s in the case of rock 


case of polymers and mica, with stronger fields than tho 
there is a possibility of electrostatic tonization in the dieleetric, and ¢,, 


salt, 
an possibly also be equal to zero, consequently the time lag of discharge ¢, will 


time of the discharge formation ¢t;. In this case the mean speed of 


be equal to the 
discharge propagation will be: 


86 
25 
| 
20 
| 
¥ 
| 
° é 
055 
960 
d 
t — 
m 


Breakdown of certain polymers and mica 


TABLE 3. 


E, Eo Um 
(MV/cm) | (MV/cm) 10° (cm/sec) 


Dielectric 


Steroflex 
| luoroplast-4 | 
(film) cc c 82 
5. 
Organic 3.33 
ee 8. | 3.68 
Polystyrene. .... 5.5 5 4.76 


4.2 


PIG. 4. Dependence e otf tie electrical strength ol fluoroplast-4 
(in sheets) on its thickness in an interval of time belore 


puncture (45.5) x 107” sec. 


where d is the dielectric thickness at the point of puncture. 


rom Table 3 it follows that the greater the puncture voltage the smaller 
is the time lag of discharge, and the mean speed of the discharge propagation is 


ereater than in crystals of alkali halide salts by nearly one order of magnitude 


according to the data (8, 11 and 12). 


It is assumed that for a unit length of path in tonic cry stals, a smaller num- 
ber of ionizations occur and “the linear ionization density” is smaller. Therefore, 
many electron pulses will be needed to form a channel with a high electrical con- 
ductivity. In complex bodies an electron is not easily accelerated but “the linear 
‘onization density” is greater and a smaller nymber of electron pulses is required 
to form a channel of high electrical conductivity. Therefore, the time of formation 
is shorter than in cry stals of the alkali halides. 


of discharge in polymers and mica 
vunctured 


Under the conditions of our experiments, when polymers and mica are | 
for high values of the field voltage (2-10 UV/cm) the electrostatic ionization in 
plays a still greater role in the formation of the discharge; 


the dielectric volume 
formation of discharge can start at a 


in the presence of electrostatic ionization, 
few points of the discharge path and the time of the discharge formation will be 


shortened. The decrease in the discharge time lag with increasing puncture volt- 


age (Fig. 2) confirms this assumption indirec tly. 
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Calculations using the formula in (13). 


dynes /cm? 
9 


for mechanical stresses in dielectrics which occur in the process of puncture 
give values that are smaller than the mechanical strength according to the data 
in [14]. Therefore, we cannot assume that the puncture of the dielectrics tested 


is due to the rupture of dielectric in the electric field. 
On the basis of the results of these experiments, it is supposed that the 


puncture tn the dielectrics tested is caused by shock ionization. 


Translated by S. Szymanski 
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ABSTRACTS 


Transferring transmission lines to a higher voltage level without strengthening 
their insulation. \.\. Burgsdorf and N.N. Beliakov (pp. 1-5). 


A study is made of the conditions for increasing the carrying capacity of existing 
transmission lines by using the reserves of strength of the insulation and improv- 
ing the apparatus to reduce internal overvoltages, (automatic reclosure apparatus). 
The authors consider the overvoltages arising when tripping non-loaded lines and 
the presence of automatic reclosure and asymmetrical short circuits. Tabulated 
data are produced to show that the maximum overvoltage in networks with earthed 
neutral is 3.1 U for oil circuit breakers and 2.7 U for air circuit breakers. If there 
are low ohmic shunting resistances,the overvoltage is considerably reduced and 
does not exceed 2.3 U and 1.6 U for oil and air breakers respectively. The proba- 
bility of these maxima is however very small. Lines of 110, 150 and 220 kV have 
been converted to 150,220 and 330 kV respectively without increasing the strength 
of the insulation. The production of circuit breakers which can operate without 


re-ignitions is also advocated. 


Flashover voltages across large air-gaps approximating overhead line and sub- 
station insulation clearances in shape. \N.N. Tikhodeeyv and A.N. Tushnov 
(pp. 6-10). 


In 1957 in the Scientific Research Institute for Direct Current investigations 
were made into gaps with a geometric shape suitable for planning overhead trans- 
mission lines and open substations. The following gaps were investigated: (1) 
conductor-support, (2) conductor-bar, (3) conductor-conductor (in parallel), (4) 
ring-ring, (5) ring vertical-surface and bal! and (6) ring horizontal-surface. The 
discharge voltages for these gaps were produced by a smooth rise in voltage which 
gave results very close to those obtained when applying a momentary voltage of 
duration of the order of 107 /sec. The test scheme for measuring the voltage is des- 
cribed. Different curves are applicable to gaps between asymmetrical electrodes 
(5,6 and ball-surface), gaps between symmetrical electrode (2, 3, 4) and a gap 
between a single or split conductor-support (1) to evaluate the minimum permis- 
sible spacings on lines and substations, as shown in the text. A table of empir- 
ical formulae to reproduce these curves as well as simpler formulae for an approx- 


imate calculation of minimum permissible spacings is also given. 


a 


Abstracts 


The resonance voltage of the cleared phase in a 440 kV line. A.5. \aikopar 

(pp. 10-12). 

In the presence of single phase automatic reclosure for a different kind of operat- 
ive switching and non-simultaneous tripping of the circuit breakers for the indivi- 
dual phases, it may be that one phase in a section of a 400 kV line is tripped 
while the two other phases remain closed. The tripped phase then takes a volt- 
age the magnitade of which depends for instance on the line parameters, the 
length of the tripped section and so on. A significant voltage rise is however to 
be expected only in the presence of inductance in the form of a shunting reactor, 
which together with the interphase capacitance, may cause the appearance of 
voltage resonance. The voltage on tripped phase may be increased to a point 
where it is difficult to extinguish the arc (field current) in the presence of single 
phase automatic reclosure, endangering the line voltage transformers. The author 
proposes a method of determining the magnitude of this voltage. He concludes that 
the resonance voltage increase on a 400 kV line on the tripped phase with areactor 
may reach 400 kV (in relation to earth). Vethods of overcoming these difficulties 


1960 


are discussed. 


A method of determining the design loads of industrial plants. ..\. Ganedenko and 
B » Veshel 16). 


A study is made of the problems arising in evaluating the electrical loads of 
industrial undertaking networks. It is considered that theoretical and experimental 
investigations have to date made certain simplifving assumptions which has un- 
doubtedly lead to the excessive use of non-ferrous metal in conductors and un- 


necessarily powerful transformers. The author envisages a possible 18-20 per cent 


saving in metal and 11-12 per cent less transformer power. he author surveys the 
different approac hes to these problems and recommends a statistical approac } 

The contribution of G.V. Kaialov i. who studies the correlation between loads at 
different moments of time, is considered to have importance for automated flow 


lines and cyclical conditions when statistical methods in their usual form are 


unacceptable. 


Electrodynamic forces acting on a current-carrying conductor near a corner of a 


ferromagnetic body. A.V. Arakelian (pp. 16-20) 


his article is connecte 1 with the « al ulati ” rf the magne tic field in a he tero- 


mad non-line Since vis of solving agnetostatic prol 


and other proble ms of mathematical 


»f msiderabie re al interest 
r electrical machine, switchgear ae vert 


yspecting present article considers the problems of calculating 


lat parallel : lin the presence of a ferromagnetic body having the 


fa two-sided ang! w corner of arbitrary size. The author first considers 


the alk m oT * magnetic fie ld and then the electr rdynan for: 


a live conductor » formulae introduced are al pli able to the calculation of ar 


extinction grids ind the forces ac ting on different turns of transformer-windings 


etc 


geneous 
can be employed in electrostat ere | 
physics, the probl in quest ihe 
pr ble has ract sl eclectro- 
st 
n 
=. 
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Calculating transients in current transformers using partial magnetization 
curves. 1.M. Sirota (pp. 21 - 26). 


Current transformers applic able to relay protection and automatic power system 


apparatus, unlike metering gear, mainly perform their function in the presence of 


. . 
currents greater than rated and operate in non-steady states. In these conditions, 


their errors are considerably greater than in the steady state and should be taken 


into account when planning relay protection. The variation of the magnetic state 
of the current transformer core in transient conditions follows special curves of 
simultaneous steel magnetization B= f (//). The shape of the curves depends on 


the “pre-history” of the process. Inadmissible errors may arise in simplified cal- 


culations since the preceding cycles of magnetization are unlikely to be indent- 


ical. It is therefore necessary to calculate these special curves. To do this the 
author goes back to laws formulated in an article by &.. Madelung in Ann. der 
Physik Bd. 7, H5, page 861, 1905. Very little has been written about this article 


and it has therefore remained unknown to a wide circle of engineers ever since. 
The author comments on Vadelung’s rules and then considers experimental data 
appertaining to spec ial cycles on cores of £.’41, 42, and 310 steel and permalloy. 


He then pays special attention to the plotting of magnetization curves for electro- 


technical steel. An example of the method is given. Residual induction in the 


core and the magnitude and character of the load resistance of the secondary 


circuit greatly affect the magnitude of the magnetization current of a current trans- 


former in transient conditions. 


Optimal use of three-phase induction motors in single-phase circuits. 
hernopiatoy (pp. 27-30). 


With the extended use of 380/220 V networks, attention is drawn to the problem 


of using a three-phase motor in a single-phase system when supplied from phase 


and neutral conductors. One such scheme is analysed for use on full « apacity when 


fed from a network with a voltage equal to the rated phase voltage of the motor. 


lo investigate the method of connexion, he employs the first Kirc hhof law and the 


syvmmetric al component method. He then c onsiders the symmetric al operating 


conditions of a motor in the presence of single-phase connexion and gives the 


results of calculations and experiments on a A0 — 31/4 three-phase motor 
(l , 220, 380, / 2.8/1.6 A, P. 0.6 kW, cos ©, 0.76). Such a motor was 


| ne neces- 


operated from a single phase 220V network, developing rated output 


sary reactances were detern ined simp ly from the 7 wssport” lata of the motor. 


The use of saturable reactors (chokes) made satisfactory operation possible in 


the presence of single-phase connexion and within a wide range of load variation. 


Power characteristics of a crane induction motor drive. VN. Osokin (pp. 35-39). 


As it is often necessary to determine the consumption of electrical power quickly 


and accurately, a study is made of the relationship between consumption and the 
The investigation refers to a crane 


drive parameters and operating conditions 
drive with motor speed regulation by resistances in the rotor circuit and counter- 


connexion braking. Steady states are considered in the presence of a static 


moment independent of speed. lransients are ignored. bor purposes of the 


Abstracts 


calculation he introduces the notion of “the power consumption factor”, in place 
of effic rency. This factor is the ratio of the power produc ed bv the motor shaft 
to the power obtained by the motor from the mains in a given cvcle of operation. 
Any active power consumption for any operating condition of the motor may be 
determined hereby. The power factor of an asynchronous motor does not depend 

on the resistance of the rotor circuit and if the load is the same on all the charac- 
teristics, it remains constant. Formulae are introduced for a simple and accurate 
determination of the relationship of the power consumption factor and tan « to the 


load on the motor for any operating condition. An example of the cal ulations is 


given. 


Determining the magnetic field distribution and electromagnetic torque in electri- 
cal machines by means of Hall effect e.m.f. transducers. lu. A. Sabinin and 
V.A. Viasnikovy (pp. 44-48). 


The produc tion of semi-¢ onduc tor substances with current carriers of great mobil- 


ity (Ge. InSb and InAs) and film “emitters” (selenide and telluride of mercury) 

has opened up ex ellent prospects for the use of the Hall effect for metering, 1960 
control and regulation purposes, especially Hall effect e.m.f. transducers for 

measuring the magnetic flows and electromagnetic torques in electrical machines. 

Whereas the induction method (metering coil) has been used todate for me asur- 

ing the magnetic flows, the Hall transducer is fastened to the rotor to produce a 

complete picture of the induction distribution in both an a.c. and d.c. machine 
air-gap. If the transducer is placed on the stator, it is possible to measure the 
induction both in steady and transient states. Since the Hall voltage is proportion- 
al to the product of current times the magne tic flux, so itis possible to measure 
the electromagnetic torque of a d.c. machine directly. The authors discuss the 
relationships for the Hall effec t, the measurement of the magnetic fields in elec- 
trical machines and the measurement of the electromagnetic torque in a d.c. 
machine. On the basis of experiments, the authors conclude that the magnetic 
field can be measured with an error not exceeding 5 per cent in direct and alter- 
nating magnetic fields in both steady and transient states. The elec tromagnetic 


torque in a d.c. machine can be measured with an accuracy depending on the 


number of transduc ers applied, (sometimes 3 and even 1). 


liow to take electromagnetic torque oscillograms in a.c. electrical machines 
using Hall effect e.m.f. transducers. O.D. Eplat’evskaia, L.A. Matus and 

V.A. Perchuk (pp. 48-42). 

The authors advocate the use of fine films of selenide of mercury as Hall effect 
e.m.f. transducers which can be connected in a bank. This bank sums the result- 
ing flow under the pole of the motor and if supplied from a shunt mounted in the 
armature circuit, produc es an e.m.f. proportional to the electromagnetic torque 
for a.c. and d.c. motors in transient and static conditions. The present article 
describes the application of such a bank to oscillograph the electromagnetic 
torque of an a.c. motor. The oscillograph circuit and oscillograms are given in 
the diagrams. The method is applicable to synchronous and asynchronous 
machines. Calculations made according to the deviation of the vibrator ray in 


static conditions show that the error does not exceed 5 per cent. In practice, each 
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bank consists of three (sometimes two) transducers. The electromagnetic torque 
signal as an electrical magnitude can be used in automatic control systems. 


How to determine the optimal shape and construction of small transformers. 
R. KH. Bal’ian and S.1. Bardinskii (pp. 53-58). 


One of the most important problems in instrumentation and radio engineering is 
the reduction in weight and size of apparatus, especially special purpose appa- 
ratus, including low output single-phase power transformers designed for supply 
at increased frequency. The solution of this problem depends primarily on the 
relationship of the main dimensions of the core. This problem is all the more im- 
portant, however, in view of the need to standardize the cores for all such trans- 
formers, especially in connexion with the conversion from stampings to strip 
cores from cold rolled steel (composite and toroidal). The article discusses the 
optimum geometry of all types of single-phase power transformer with increased 
frequency, taking directly into account the thermal conditions and also compares 
different types of transformer. The results of tests carried out to verify theoretic- 
al calculations are given for ten ironclad bar and toroidal transformers of optimum 


shape in twisted strip cores of 0.08 mm cold rolled steel. 


The possibility of protecting the plate in a mercury arc valve from drops of 
mercury. G.N. Golubchin and L.A. Sena (pp. 66-69). 


The main cause of backfire in a mercury are rectifier is the falling of drops of 
mercury on the valve anode. Even if the cathode spot is fixed, it is impossible to 
be free from the fall of drops which can be splashed by the cathode spot. Only if 
the mercury cathode is replaced by an incandescent tungsten cathode do back- 
fires only arise in the presence of considerably raised negative voltage on the 
anode. The design of high voltage mercury rectifiers for voltages of up to 
hundreds of kV requires reliable protection from drops of mercury in the presence 
of a liquid cathode. The present article considers a method of screening the anode 
and experiments which demonstrate the effectiveness of this method. Consider- 
ing first the inadequancy of screening in existing rectifiers and ignitrons, the 
authors pass to the protection of the anode by varying the direction of the dis- 
charge path which would exclude the dropping of mercury both directly and from 
reflection on the walls. They then consider the effect of screening on the drop in 
potential in the arc for which a special apparatus has been produced (drawing in 
text) where the internal screen can be moved. Finally the possible effect of the 
cathode surface is considered. The authors conclude that reliable screening is 
only ensured by a zigzag discharge path with abrupt directional changes. A pos- 
sible variant in existing rectifiers is a cathode cap and intermediate screens, 
which, although intended for a different purpose, fully screen the anode and so 
enable those valves to operate at over 100 kV. In new designs, account should be 
taken of the possible reflection of drops from intermediate surfaces. Here the 
quality of the screening can be verified by determining the maximum on the curve 


relating backfire frequency to anode temperature. 
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The theory and design of a cascade (stage). S.V. Pantiushin and A.A. Sokolov 
(pp. 70-73). 


A study is made of a cascade, an electronic amplifier step where the anode cir- 
cuits of two triodes and load resistance are connected in series. The signal is 
generated on the lower valve grid, while the potential on the upper valve grid is 
held constant in relation to earth. A cascade scheme is diagrammatically repres- 
ented. The cascade is also considered in a d.c. scheme and the level of noise is 


discussed. 


On determining arc-back action. 5.D. Sokolov (pp. 74-78). 


The load capacity of mercury arc rectifiers is characterized by the probability of 
backfires, while an inverter is characterized by break-throughs, although such 
puntures may be due to backfires. For a given type of valve and given cooling 
temperature the probability of backfires depends only on the magnitude of the 
backfire action. Expressions produced by Brown Boveri for backfire action B and 
the relation of the time constant of de-ionization r are said to have certain dis- 
advantages since they are not applicable to the determination of arc-back action 1960 
in the inverter state and if the rectifiers are commutated in the presence of small 
loads (300-500 A). The author produces an expression for arc-back action which 
is of more general application and is acceptable for different rates of growth of 
arc-back and the relation between the duration of commutation and the time cons- 
tant of de-ionization. The author considers arc-back action in an inverter reaches 
maximum at 150-450 A and depends to a great extent on the capacity of the a.c. 
supply system. It is inadvisable to reduce rated current in a converter operating 
in the inverter state, starting from arc-back action. To increase operating relia- 
bility of an inverter it is necessary to reduce the arc-back action: to apply three 
grid valves which have a low time constant of de-ionization, to restrict the rate 
of arc-back growth, for example by setting up capacitances and damping resist- 
ances between the anodes and cathode and to reduce the magnitude of arc-back. 


Magnetodielectrics. L..1. Rabkin (pp. 78-84). 

Modern engineering has at its disposal four groups of magnetodielectric materials: 
1. Ferroplastics — hard magnetodielectrics with low coercive force: 
2. ferroelastics — elastic low coercive magnetodielectrics; 

3. magnitoplasts — hard magneto — rigid magnetodielectrics; 

4. magnitoelastics — elastic magneto-rigid magnetodielectrics. 


These materials are considered in turn. Thin sheet metallic ferromagnetics 


make it possible to produce closed magneto-conductors for transformers and in- 
duction coils with maximum permeability in the field of frequencies of up to se- 
veral hundred kc/s but the technological process of production is complex. Fer- 


rites are being successfully used for inductance coil cores, magnetostriction 


filters, autogenerators, waveguides, and so on, but non-ferromagnetic air-gaps 
must be introduced on the path of magnetic power lines to produce cores from 
ferrites with constant permeability. F erroplasts may be used to produce cores 
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with homogeneous magnetic properties and of complex shape which can be used 
at higher inductances than ferrites. Magnetoplasts are also forced to compete 
with non-metallic high coercive ferromagnetics. However ferrites and thin sheet 
metallic ferromagnetics will not replace ferroelastics and magnetoelastics owing 
to the definite fields of application of the latter. 


SWITCHGEAR FOR HIGH- VOLTAGE D.C. TRANSMISSION LINES * 
G.A. KUKEKOV, P.G. SOROKIN and N.A. SHIPULINA 


(Received 23 July 1958) 


The use and future development of long distance d.c. electric transmission de- 
pends a great deal on the solution of the problem of developing new electric ap- 
paratus and devices. One of these devices is a rapid action switchgear for trip- 
ping powerful highly inductive d.c. networks of ultra-high voltage. 


The construction of such a device makes possible the realization of the 


most rational networks for long-distance electric d.c. transmission with the 
supply of power to intermediate substations; it also permits the design of distri- 


bution networks which will make possible in certain cases such favourable solu- 
tions as, for example, distribution of energy to the inverter substations directly 


from the high-voltage d.c. bus-bars. 


A switchgear designed for this purpose should satisfy high specifications, 
and also be simple, reliable in operation and suitable for work at any point of the 
d.c. transmission network. It should safely interrupt a d.c. current of the magni- 
tude of 1000 — 1500 A, which flows in a highly inductive network with a rated 
voltage 600 — 1200 kV, and this should be done within a lapse of time not ex- 


ceeding 0.03 sec without the appearance of inadmissibly high overvoltages. 


The main difficulty in constructing such a switchgear is that arc extinction 
in a circuit-breaker in d.c. networks is a much more complicated process than 


extinction in a.c. networks, particularly for very high voltages. 


Attempts to use, in d.c. switchgears of ultra high-voltage, methods for arc 
extinction which are used in switchgears for relatively low voltages (up to 1OkV) 
lead to entirely inadmissible constructional solutions which do not ensure the 


required characteristics 


Because of this it was necessary to seek basically different methods for 
cutting off the ultra-high voltage d.c. networks which would permit a rational 
construction of a switchgear. One such method is to change the shape of the 
curve for the arc current by shunting the arc with an oscillatory circuit and using 


for its extinction a high-voltage a.c. arc extinguisher. 
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FIG. 1. Circuit of a d.c. high- voltage transmission line with a 
connected high- voltage tripping device. 


FIG. 2. The equivalent circuit of a network with an ar and the graph 
of the current of the arc shunted by a circuit with a preliminary 


charged capacitance, 


T= 22 VL,C,. 


total arc current (i, = io + #3); 
current of the shunting circuit 4). 


As the result of investigations which were carried out in Kalinin Polytechnic 
Institute in Leningrad and also in the Institute of d.c. Research [1 and 2) it was 
found that. by shunting a d.c. are with an oscillatory circuit having appropriate 
parameters and initial conditions, a current in the arc could change its direction 


and, consequently, assume a zero value. The experiments showed that this made 


possible the extinction of an arc in the arc extinguishers of the high - voltage a.c. 


circuit breakers even for the increased frequency of current oscillations in the 


circuit (500-1000 c/s). 

A short analysis of the operation of a switchgear based on the principle 
stated and a description of its experimental investigations are given below. 

Let us consider the process of tripping 4 d.c. line, working, according to the 
block diagram, for an inverter (Fig. 1). 


At the moment of switching off, current oscillations will appear in the circuit 
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consisting of the arc between contacts c, d and of the oscillatory circuit L, C, 


shunting the arc. Under appropriate conditions the amplitude of these oscillations 


f the line current and even exceed it. In this case the 


can reach the magnitude 
pass through zero, and, due to this, 


total arc current will change its direction, i.e 


favourable conditions for the arc extinction will arise 
After the arc extinction the process of cutting off will end with charging the 


circuit and line capacitances and reducing the line current to zero. 


Due to a large capacitance of the line reactors L, and a comparatively high 


frequency of the current oscillations in the circuit 50-1000 c/s), the propagation 


of oscillations into the line is practically ex« luded under real conditions. 
Thus, the whole precess of the arc extinction consists of two, practically 


independent, stages 


(1) are extinction on contacts c, d; 


2) the process in the line arising after arc extinction. 
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Che first stage is characterized by the non-linear current os¢ illations in the 


circuit with the arc fed from a rectifier; Fig. 2 shows an e juivalent circuit corres- 


ponding to this stage and the equations of the process are 


(2) 


Taking into consideration a large inductance of the line reactors L, and a 


short time of arcing (usually not more than 0.003 sec), we can assume ty /,= const. 


For investigation of the discussed current oscillationsin a non-linear circuit 


we can apply the method of qualitative investigation or the method of small dis- 
The calculation of the process can be done by the method of 


turbances (3 and 4) 


iteration 


For the same system of transmission and the same current magnitude, the 
character of current oscillations in the arc is determined by equations 1) and (2) 
and to a great extent ley ends on initial conditions and, in the first plac e, on the 


rf the « apacitance ( of the osc illatory uit and also on the 


Three cases of swit« 


initial charge 


shape of the arc characteristic 
terest. and the following initial conditions correspon 


ff are of practical in- 


ese ases 


to the first case 


to the second case 


98 
P j ‘ (1) 
i = 
(3) 
U Ve Ug (4) 
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FIG. 3. Graphs of the arc current for [ 0(C,= 9.5" F; 
L, 13.2 m H). three breaks of a circuit- breaker 
VV 154 arc closed; 
two breaks of a circuit breaker V\ 154 ar iosed. 


to the third case 


ne fir sit cast 


will take 
plac e. The oscillations of the current i, in the circuit will be ds npe d. Asa first 


approximation we can assume Wat the ampiituade f sciliation reases ilinear- 


capac itance into an induc tive non linear circult containing the 


ly [5) Fig. 2 shows the current graph calculated for this case 

In the second case (/ 0), the current ircuit can be of 
this or the other character according to the shape umpere character- 
istic of the arc. 


An analysis by f smal! disturba 


characteristic 


(R, — ohmic resistance of the oscillatory circuit), os« illations will be unsteady 


w ith 
UZ). In the case of a horizontal arc characteristic 


, an amplitude increasing up to a certain limiting value (Fig. 3, graphs i; and 


OU, 


di, 


the character of the current i, oscillations is the same as in the case of connexion 


j : 
300 
4+ 200 ‘ 
100 
| 
: 
0,55 165 m/sec 
/ 
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j 
If Uce io VY then, in t , an oscillatory dai irg i th 
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FIG. 4. Diagram of construction of the main circuit breaker. 
1 — circuit breaker VV - 154; 


2 and 5 — upper ang lower pneumatic closers; 
3 and 4 — upper and lower spherical electrodes. 


of a linear circuit R,, L,, C, to a source of a constant e.m.f. equal to the arc 


voltage U,.. It is known that in this case the circuit current i, and the arc current 
i, can be found from equations: 


The last case, as the most unfavourable case for the arc extinction, should 


be taken as a basis for an approximate evaluation of the circuit initial parameters, 
for which the amplitude of oscillations will be greater than the line current; in 
this case we should start from the inequality 
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1>/,. 


and the voltage across capacitance calculat- 


The graphs of the arc current 1 


ed for this case are shown in Fig. 3. 


Che third case (U., = 0; U,= 0) differs from the previous cases in that the 
variation of the voltage across the arc, after the opening of contacts c, d, can 


lex character. It largely depends on the properties of the arc 


have a very comp 
extinguisher, which controls the speed of the lengthening of the arc column. 


In this case the highest rate of increase of the arc voltage should be ensured. 


Otherwise, for a very low slope or a horizontal volt- ampere arc characteristic the 


amplitude of the current os¢ illations in the circuit can be so small that the total 


current would not pass through zero. 


[he second stage of the switching off process is « haracterized by the oscil- 
lations of the discharge current in the line and in the circuit and by the voltage 
recovery across the capacitance. In the case of cutting off a short-circuit beyond 
~ ), the following equation of the linear circuit 


the line reactor (L; R; 0; C; 
corresponds to this second stage. 


In the case when the circuit ohmic resistance R, is very small, an approxi- 


mate value of the voltage across the capacitance can be found in the following 


way: 


Us, and /, — rectifier voltage and current at the moment of the arc extinction on 


contacts c, d. 


To decrease the voltage U. across the capacitance or to decrease the 


capacitance C, fora given value Ucm it is expedient to include in the switch- 
const. In 


circuit 
gear circuit an arc energy absorber [2] with the arc characteristic Ueg 


this case 


1, 
L; (7) 
U, +; i df. 
2 dt (8) : 
M Of 0 gv (9) 
where 
< 
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S25 kV Se 


FIG. 5. Oscillogram of breaking the rec tilier current for a short-circuit 


beyond the line reactor The circuit « apacitance was previously 
charged to 53.5 kV. The line current / 150 A. U. and i, voltage 
and current in the capacitor bank of the circuit; Up and ig — voltage 
and current in the circuit breaker VV — 154;4; — current in the trans- 


mission line; to 


the moment of the opening of contacts o! the breaker 


quenching chamber; ¢ moment of switching on the oscillatory cir- 


cult; t, — moment 


In this way, for a su 
absorber, capacitance 


lowered. 


Experimental tests 
substation of the experin 


The model of the sw 


of extinction of current in the transmission line. 


fficiently high - voltage across the ar of the energy 
of the capacitor bank in the circuit can be considerably 


f the switchgear model were carried out at the rectifier 
ental d.c. transmission line Kashir HEPS — Moscow. 


itchgear consists of the following elements: main circuit 


Q038? 
a 
‘Le 
| 
\ 
’ 1960 
‘ “~ sec 
\ 
: 
and 
> 


Switchgear for high-voltage d.c. transmission lines 


FIG. 6. Oscillogram of switching off the rectifier current at a short-circuit 
beyond the line reactor. The capacitance was not previously charged. 
The line current / 150 A. Conventional notation the same as in Fig. 5. 


breaker with spherical electrodes; the capacitor bank of 20 capacitors type KM — 
30-19 of 19 uk capacity, 30 kV each; two suspension reactors of 6.6 mH induct- 
ance; a three pole disconnector; an energy absorber and a charging device. The 
latter was only used in experiments of switching off with a previously charged 
capacitance. 

rhe electric insulation of the model with respect to earth was designed to 
withstand two full rated voltage of the installation, 200 kV. 


In this way, the model, which was tested in switching off the circuit at 
100 kV, represented one pole of a double-pole d.c. circuit-breaker for 200 kV. 


As the main circuit-breaker an a.c. high-voltage air circuit breaker VV — 154 
for 154 kV was used. The automatic shunting of the arc, formed between the 
contacts of the circuit breaker, by an oscillatory circuit was done by means of 


two pneumatic closers. Fig. 4 shows a general view of a redesigned circuit break- 


er and a sketch of one of the pneumatic closers. 


After admitting air into the arc extinguishing column of the breaker and 
opening the contacts, part of the compressed air enters the cylinders of the 
pneumatic closers; due to this,pistons and the rod electrodes connected with 
them move a distance sufficient for closing the inter-electrode gaps S formed by 


special screens. 


During the experiment at a voltage of 100 kV, one of the three breaker gaps 
was dead-shunted and the arc extinction was done on two breaks. The breaker 
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operated at the air pressure in the receiver equal to 19 atm. 
[Three series of experiments were carried out: 


1. switching off current in the electric transmission line with the earthing on 
the rectifving substation, voltage 100 kV, inductance of the line reactors 
9H; 

. cutting off the current of a short-circuit bevond the line reactor of the 


rectifying substation with earthing on the rectifying substation, for a 
control angle a = 90 inductance of the line reactor 4.5 H; 


8 switching off the current of a short-circuit on the inverter (inverter 
change - over current) with earthing in the middle of the transmission 
line. for a voltage of LOO k\ and a total inductance of the line reactors 
9H. 

Fach series consisted of four experiments for currents 20, 100, 200 and 

250 A. The last experiments corresponded to the case of the inverter change 
over 

[he capacitance of the capacitor bank of the circuit was 9.5 nF, the induct- 

ance of the circuit reactors was 13.2 mH. Thus, the natural frequency of the cir- 
cuit in all tests was about 450 c/s 


Lach experiment was repeated twice: 1) 


1. the arc was shunted by a circuit whose capacitance was previously 


charged to a certain voltage (60-70 kV); 
9. the arc was shunted by a circuit whose capacitance was not charged. 


In all tests cutting off was entirely satisfactory. Figs. 5 and 6 show typical 


oscillograms recorded during the tests. 


From the oscillogram in Fig. 5 it is seen that after the arc shunting by an 
oscillatory circuit with a previously ch urged capacitance the arc was extinguish- 
ed in the second half-cycle (of natural frequency), |e. after 0.002 sec; the dura- 
tion of the second stage (charging »f capacitance) was about 0.010 sec. Thus, 


the current in the line fell to zero in about 0.012 sec. 


Fig. 5 also shows a voltage osc illogram recorded by a cathode ray ose il- 
lograph. From this we see that the voltage across the circuit capacitance did not 
exceed the permissible upper limits Ihe experiments showed that voltages 


across the capacitance, cal« ulated by using formula (10) coine ided well with the 


voltage values obtained experimentally. 


The oscillogram in Fig. 6 shows that in the case when the circuit capacit- 


ance was not previously charged, the arc current after shunting the arc by the 


eacillatory circuit decreased to zero in accordance with the frequency of the 

oscillatory circuit. The duration of the current flow in the line after the arc ex- 
tinction was, as in the previous case, not more than 0.01 sex The total time of 
the arc extinction and the current damping can also be taken as equal to about 


0.012 sec. The maximum voltage in this case is smaller than in the previous one. 
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The comparison of the results obtained shows that in the absence of a pre- 


liminary charge on the circuit capacitance C,, the processes of arc extinction 
and voltage recovery take place more satisfactorily. 


Conclusions 


1. By combining an a.c. high-voltage arc extinguisher with an oscillatory 
circuit which shunts the arc forming in the extinguisher when switching off a 
circuit, it is possible to design a device for switching off the high-power d.c. 
electric transmision lines of ultra-high voltage. 


2. By the proper choice of parameters of the oscillatory circuit and of the arc 
characteristic of the circuit breaker it is possible to dispense with preliminary 


changing of the capacitance in the oscillatory circuit. 


3. At present an air circuit breaker, whose contacts remain open after switch- 
ing off, appears to be most suitable for the switchgear discussed. For removing 
the residual charge from the capacitor bank a special device coupled with the 

60 circuit breaker should be provided. 


Translated by S. Szymanski 
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APPARATUS FOR AUTOMATIC CONTROL OF EXPERIMENTS 
IN A LABORATORY FOR TESTING BREAKING CAPACITIES * 


N.M. CHERNYSHEV and A.M. ARZIAIEV 


(Received 16 October 1958) 


During breaking capacity tests on circuit breakers in experimental circuits in a 
breaking capacity laboratory (1, 2) many operations must be performed in a 
strictly determined time sequence, (switching on the actuating apparatus; 
switching off the breaker on test and protective breaker, forcing excitation and 


subsequent de-excitation of the generator etc). 


The control of the time intervals between individual operations should be 
done with an accuracy up to 0.0] sec and with a spread not exc eeding milli- 
seconds. In many circuits (for instance in control of the energizing apparatus and 
the breaker on test), a still greater accuracy of the time control is needed in send- 
ing the operation pulses (up to 0.00] sec). It is also necessary that the moments 
of sending pulses for the operation of the individual elements in the circuit on 


test should be related in a definite way to the phase of the circuit voltage. 


The devices used up to now for the automatic control of experiments in test- 
ing circuit-breakers for breaking « apacity are usually made either in the form of 
automatic controllers, whose drums are rotated by motors, or in the form of relay 


circuits, (often with an electronic time relay). 


The analysis of operating experience of both types of devices has shown that 
neither an automatic controller nor a relay circuit entirely ensure the required 
accuracy of operating synchronism in individual elements of the installation on 
test. It was necessary to add to the automatic controller many electronic phase- 
selecting circulls in order to make possible a variation of the position of the con- 
trolling pulse with respect to the voltage phase of the power source. The presence 
in the control circuits of “synchronous” and “asynchronous” pulses with respect 


to this voltage causes sut h a spread of differenc es in the time of individual 


pulses which is equal to the cycle of voltage acting in the circuit under test. 
Moreover, the accuracy of control of the time lags in the “asynchronous” units is 


not sufficiently high. 


A circuit with an electronic relay ensures a higher accuracy of operation. 


* Elektrichestvo No. 3, 50-55, 1959. 
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FIG. 1. Circuit showing the principle of the apparatus operation 
l the frequency divider unit; 
2 zero indicator, 
3 — deblocking on unlocking pulse. 
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FIG. 2. Output voltages of the frequency divider unit. 


However, with the relatively high accuracy of operation of a relay, the absolute 
error for large time-lags (of the order of a second) reaches inadmissibly high 
values (hundredths of a second). 

Due to this it was necessary to investigate other principles for designing 
circuits for automatic test control; these circuits should ensure a high absolute 
accuracy of the sequence of pulses irrespective of the magnitude of the time in- 


terval between them including intervals of the order of seconds. 


New circuit for automatic test control apparatus \3) 


One of the possible ways of designing an apparatus for automatic test control 
for which an absolute time error would be independent of the time lags, is the use 


of a counting device for time measurement, in terms, for instance, of whole half- 
cycles of the voltage of the current source of the circuit under test. If, moreover, 
we ensure the absence of counting losses, then, obviously, the accuracy of work- 
ing of the apparatus will only depend on the stability of the output device with 
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respect to the phase of the voltage sent to the input of the apparatus (i.e. those 
voltage half-cycles which are counted). In other words, for arbitrary time tnter- 
vals the spread of the operation time intervals will always be less than a half 
cycle. Experiments with the phase-selecting devices have shown that they ensure 
a very high operation accuracy within the limits of a cycle. Therefore, there was 
good reason for expecting that the combination of a counting and a phase select- 
ing device should produce an apparatus of the operation accuracy required. 


Fig. 1 shows the circuit explaining the principle of action of the apparatus 
developed. The control voltage is applied at the input of the frequency divider 
unit. and this voltage is synchronous with the e.m.f. of the current source of the 
test circuit. This voltage can be sent, for instance, by a pilot generator, driven by 
the same shaft as the test generator, by an instrument voltage transformer and so 
on. At the output of the unit a series of voltages is obtained which differ in fre- 
quency from one another by a factor of two: voltage varving with a frequency of 
the control voltage, with a voltage of a half of the frequency, with a frequency 
four times smaller and so on, to a frequency 2" times smaller. These voltages 


have the form of unipolar positive pulses (Fig. 2). 

The receiving elements of the apparatus are zero indicators which affect the 
output elements. Zero indicators are conne« ted to the voltage bus-bars of differ- 
ent frequencies through switches and diodes (Fig. 1). The number of zero indica- 
tors is determined by the number of the circuits controlled. In the state of rest the 


circuits of the zero-indicators are blocked. 


The circuit works in the following way. [he signal for operation of the appar- 


atus is given by sending an unlocking pulse to all zero indicators. By using a 


special starting device (see below) an unlocking pulse is sent to the zero-indica- 
tors at the instant when voltages at the output of the frequency divider unit are of 
0. Under these conditions each zero - 


such phases as shown in Fig. 2 when t 
indicator will work, when the unlocking pulse has been sent (¢ = 0), after an inter- 
val of time which depends on which switches in the zero- indicator circuit are 


closed. 


Let us consider, as examples, various combinations of closing these switches. 


1. Voltage of a frequency 1/8th of the fundamental frequency sent to a zero- 
indicator. In this case the voltage on the zero - indicator will assume the zero 
value after 8 half-cycles of the fundamental frequency; i.e. in this circuit, the 


time-lag will be eight half-cycles. 


2. Switches sending voltages of frequencies 1/16, 1/8 and 1 of the fundament- 
al frequency closed. It is easy to see that in their case a zero indicator would 
act after 16 + 8+ 1 = 25 half-cycles after the zero moment of the time count. 


Reasoning in a similar way, we can show that in applying to a zero- indicator 
a voltage of a frequency 's*th of the fundamental frequency increases the time-lag 
by 2* times of the half-cycle of the fundamental frequency, (where & is an arbit- 
rary integer from zero to n). Fig. 1 shows for every switch the number of half- 
cycles by which the time lag increases when this switch is closed. 


These numbers form a sequence whose terms are units of a binary system, 
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and this property allows the variation of a time lag by one half-cycle within the 


limits from zero to 2" — 1 half-cycles. 


In order to avoid connexion between the voltage bus-bars of different frequen- 
cies when several switches are closed, a diode is connected in series with every 
switch; this diode allows the flow of current only in the direction from a bus-bar 


to a zero - indicator. 


In addition to the step-by-step control of time lags, which are measured in 
terms of half-cycles of the controlling voltage and set up by means of switches, 
the output elements of the circuit should be provided with phase selecting devices, 
in order to ensure a smooth control of the time lags; these devices act after a 


zero - indicator has been energized. 


An important advantage of the circuit shown in Fig. | is the possibility of 
feeding a large number of the output circuits from a single frequency-divider unit. 


The pulse converter and frequency divider unit 


Fig. 3 shows a fundamental circuit of the pulse-converter and frequency- 
divider unit. The controlling voltage is applied to terminals | and 2 and, through 
a transformer, acts alternately, according to its polarity, on triggers, controlling 
valves V, and V,. The presence of two triggers makes a polarized circuit that is 
sensitive to the polarity of the controlling voltage. This means that the action of 
f the ean 


a device, for a fixed setting, will always take plac e in the presence 


voltage polarity. 


By means of triggers and differentiating circuits a sinusoidal voltage is 
converted into a sharp peak of short duration. These voltage pulses are sent to 
the input terminals of a binary cell on the double triode V,. Transition of the cell 
from one stable state to another occurs during every half-cy« le of the controlling 


voitage, and the graph of the voltage on the triode anode is similar in form to the 


upper curve shown in Fig. 2. This voltage is applied to the sex ond binary cell 
which halves the frequency of the applied voltage. The voltage on the triode 
anode of the second cell has a frequency which is half the frequency of the « yntro! 
ling voltage. In an analogous way, the successive cells give voltages of frequen- 


cies 1/4, 1/8 and so on, of the controlling voltage. 


These voltages can be used for the direct activation of the zero-indicators 
only on condition that the zero-indicator circuits require an extraordinarily small 
power supplied to the input terminals. Since the apparatus contains 22-24 output 
units with the zero- indicators it has been found useful to increase the output 
power of the frequency divider unit. This arrangement allowed the use of an ordi- 
nary polarized relay as the zero- indicator, and this made the apparatus very 


stable with respect to the influence of disturbances. 


To increase the power output of a binary cell, a polarized relay type RP -4 
was used with two windings connected as shown in Fig. 3 (for instance relay 
R,). The triode currents flow in relay windings and the switching of the armature 
from one position to the other takes place for each operation of a binary cell. 


On closing the relay contacts, on the unit output, positive rectangular pulses 
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FIG. 4. Circuit showing the connexion of a relay 
in a zero-indicator. 


appear of a frequency corresponding to the number of the binary cell. 

Due to cell symmetry, the time of current flow in the relay coil, and the 
pause when the current ‘¢ absent, are equal. However, it does not follow from 
this that the intervals of time when the contacts are closed and open should also 
be equal. In fact, ‘f when closing the contacts, the armature has to cover nearly 
the whole path (excluding the path within the contacts themselves) in order to 
open the contacts it has then only to cover a part of the whole path. Due to this, 
for direct connexions of the relay windings to the anode circuits of the triode, the 
pulse duration of the output voltage is somewhat smaller than the pause. Asa 
result, if voltages of different frequencies are applied to a zero - indicator, the 
indication can function incorrectly due to the vanishing, for a short while, of the 
voltage at the moment when the voltage pulses of different frequencies should 


“touch” one another. 


To eliminate incorrect working of the apparatus it was necessary to slow 


down the relay action, when the armature was released in order to open the 
contacts simultaneously, or even with a small delay, with respect to the moment 


of contact closing in the relays of the adjacent binary cells. 


It appeared that to achieve this, it was sufficient to shunt, by a properly 
chosen resistance, that relay winding in which, when current flows, the opening 
of contacts takes place. However, first experiments showed that a simple shunt- 
ing of the relay winding causes @ delav not only in the opening of contacts but 
also in their closing due to the magnetic link between the windings. 


To eliminate the influence of the shunt resistance during the relay action on 
closing the contacts, a germanium diode D, (Fig. 3) is connected in series with 
the resistance in the binary cell circuit. When a voltage 1s applied to the shunted 


coil of the relay, the diode transmits a current and the resistance 1s connected. 
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The application of voltage to the other winding sets up a voltage of reverse 
polarity on the shunted winding, due to which the diode is locked and the 


resistance is disconnected. 


In practical realization of the circuit shown in Fig. 1, it was found convent- 
ent for constructional reasons that the frequency divider unit should give volt- 


ages at the output not for the whole time, but only after a signal for the operation 
of the apparatus and that, at the moment when these voltages appear, the relation 
between pulses of different frequencies should be suc h as shown in | ig. ] when 


¢ = 


Under these « onditions the circuit for connecting the relay in the zero- 


indicator becomes greatly simplified. Nhen ft 0. voltages of various frequene 1¢s 


are applied to terminal 1; to terminal 3 a constant voltage is applied of the same 


an politudes of rect ingul ulses, an to terminal 2 


magnitude and polarity as 
bed } " 
acommon negative voltage bor suc a connexion of the relay. the current in 


its coil appears wnlv after the voltage on terminal | disappears. Thus, this cir- 
curt plays the role of the voltage zero-indi¢ stor wit! respect to the input termina 
1 and 2. 

Let us now consider ho » can ensure the condition that voltages of differ- 


ent frequen¢ ies (for ¢ 0), should have the phases shown tn tig. 2, i.e that at 


this moment all the relay contacts should be closed. 


Usually for this purpose a special commutating element is introduced into 


the circuit of the counting device; this element allows “the wiping out of the 


" 
count”. i.e. it reduces all binary cells to their initial position. In our case, be fore 


starting the apparatus, all rigt and triodes of e bin wy cells be un- 


loc ked. To un! vck these triodes it 1s suffi rent to remove the nagative bias from 


their grids for a short while. 


The apparatus could be started by apply ing the controlling voltage to the 


input triggers of the fre juency divider unit llowever, at the moment rf commuta- 


| } 
tion, incorrect operatior if a binary cell in the circuit ofthe valve grids cannot 


be entirely exclude i; moreover, for stabilizing the time constant yf the echanic- 


al relays it is advisable that the relay should operate several times before the 
beginning of the time count 

For these reasons, in the apparatus described. another method of fixing the 
beginning of the time count Is used. 


For a certain time of the order of seconds) hefore the signal for the ar para 
tus operation is given, @ ¢ yntrol voltage is a lied to the input of the fre wuency 


divider unit The binary cells start working. Since tn the process of « ounting, 


the relative position »f the re lay armatures can be any possible arbitrary position, 


anv arbitrary position is a working position for a certain moment of time lhere- 


fore, the inithal positions »f the relay armatures of the binary cell do not affect 


the proper operatior the wi unit It is yn ly important that the moment 


feeding the relay contacts f the binary cells should coins ide with the moment 
when they all begin to close. For this purpose the unit has a special triggering 


device, which consists of relays R, and R,, and a thyratron V,,, (Fig. 3). A 
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FIG. 5. Block diagram of the apparatus. 

frequency divider unit; 

~ feeding unit; 
output units, 
thyratrons; 
control coils; 
synchronizing device; 
switch for test control; 
switch of the frequency 


divider unit. 


voltage is applied to the contacts of relays K, R, through the thyratron V,, 
which should be triggered at the moment when the re lay contacts wil! be in the 


sosition ¢ = 0; i.e. simultaneously with the closing of contacts of relay R,, con- 


nected to the cell of the lowest frequency 


This is achieved in the following way. Since the « 
connected in series with the coils rf the relay R« the arn 
apparatus pera 


il of the re! R, is energized and the relay closes its « 


‘ay 

is the ano le of the thyratron, and the other mne 

of the relay R, with the source of voltage of the order of 90 V, (capaci 

The firing of the thyratron } ‘3 takes place at the moment of discharge into its 
grid of the capacitor C,. Since the contacts of the relavs R, and R, close simul- 
occurs exactly at the moment »f closing 


move in synchronism When the signal for the 


conta 


taneously, the firing of the thyratron V,, 
of the contacts of the relay R, connected to the binary cell if the lowest frequency. 


After the thyratron firing, both voltages »f various freque ncies and a nstant 
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FIG. 6 General view of the apparatus for automatic test control 


voltage are sent to all output units, (terminal 3 in the circuit shown in lig. 4 is 


connected to terminal 8 in the circuit shown in Fig. 3). 


The time constant of discharge of the capacitor ©, into the grid circuit of the 
thvratron V,, is small and the voltage pulse on the thvratron grid lasts only about 
I msec. Therefore, the voltage on the frequency divider unit always appears ex- 
actly at the moment of closing of the contacts of the relay of the last binary cell, 
and this moment is independent of the moment of sending the signal for the appa- 


ratus operation. 


In the block circuit a changeover swit« h is provided which enables the control 


of a binary cell to be transferred to one trigger and thus lower by half the frequen- 


ev of the cell operation. In this case the time count ts cone not in half-cycles 


but in cvcles of the control voltage, and the maximum time lag obtainable in the 


apparatus also increases by a factor of two. 
Output units 
A high sensitivity electromagnetic relay. connected in the circuit as shown in 


Fig. 4, operates after a fixed time lag from the moment of starting the time count. 
However, a high sensitivity relay usually has low power contacts which cannot 
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FIG. 7. Outside view of the output units. 
a — unit for a step-by-step control of the time-lags; 
6b — unit for a smooth control of the time-lags. 


commutate currents in the control coils of the various apparatus connected in 
the circuit of installation for testing high voltage circuit- breakers. Therefore, 
the output unit should contain an element capable of switching on circuits carry- 


ing currents of a few amperes with a sufficient time accuracy. 


In the apparatus described a thyratron type TG 1 — 1/0.8 plays this role. The 
working current of the controlled circuit flows through the thyratron, and the relay 
contacts are used only for removing a negative bias from the thyratron grid. The 
time lag in the output unit made according to this design is controlled by steps of 
0.01 sec. However, as was stated above, in many controlled circuits a smooth 
control of the time lags is necessary. Consequently, besides the output units with 
a step-by-step control, units with a smooth time lag control have been developed. 
These units contain phase selecting devices, consisting of phase-shifters (a 
small selsyn is used) and a trigger. Trigger pulses are sent to the grid of the 
output thyratron through the relay contacts of a zero indicator. After the closing 
of the contacts, the first trigger operation occurs and the thyratron is then fired; 
i.e. the time lag of the output unit is the sum both of the integral number of cycles, 
determined by the position of switches in the unit, and a fraction of a cycle which 


depends on the rotor position in the phase shifter. 


In order to provide the possibility of realizing complex cycles in testing 
high-voltage circuit-breakers, both types of the output units have a built-in 
electronic time relay which permits the control of the output pulse duration. This 
makes possible the sending of multiple pulses to the control coil during a single 


test by connecting several units to the coil. 
Description of the apparatus 


Fig. 5 shows a block diagram of the apparatus developed by the VEI. At the 
closing of the contacts of the apparatus control key, i.e. at the signal for perform- 
ing a test, a contactor operates which sends the operational current to all output 
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units; simultaneously with this a signal is given for operation of the starting 


device of the frequency divider unit. 


After the appropriate time lags, the thyratrons fire in the output units and 
feed the controlled circuits (in Fig. 5 these circuits are conventionally shown as 
coils). The apparatus is designed for the control of devices with an operational 
current of 110 V. In some of the output circuits the operational voltage can be 
varied from 110 to 220 V. These units are made for feeding the contro! solenoids 
of the breakers tested, and the rated voltage of the solenoids can have various 


values. 


The apparatus has a changeover switch which allows both a voltage from an 
external source (a pilot — generator, a voltage instrument transformer, etc) or the 


grid voltage to be used as the controlling voltage. 


[he apparatus contains a special synchronizing device controlling the work 
of a step-up voltage source of a synthetic circuit for testing high-voltage circuit 
breakers for their breaking capacity. The discussion of the operation of this 


device is beyond the scope of this article. 


1960 


In the realization of the apparatus in practice, it was decided to make it in 
the form of separate units placed in cells of a cabinet. 

Fig. 6 shows a general view of the automatic test control apparatus; this 
apparatus was made in the VEI factory*. This apparatus has 22 output units; i.e. 
it allows the generation of 22 output pulses in various circuits. The units are 
placed in three rows. The synchronizing device unit is placed in the centre. 

Fig. 7 shows the external view of the output units. In the unit, shown in Fig. 7a 
the time lag is controlled step-by-step by half-cycles from zero to 255 half-cycles, 
by means of eight switches situated on the front panel. Under the switches a limb 
for the control of the output pulse duration and signal lamps are situated. In the 
unit for smooth control of time lags (Fig. 7b) a limb for smooth control is dispos- 
ed on the phase shifter axis, placed above the switches for step-by-step control. 
The output units are connected with the remaining part of the circuit by means of 
plug contacts; these units are mutually interchangeable. The apparatus described 
was developed for a breaking capacity laboratory with a powerful shock generator 
and a synthetic circuit for testing circuit-breakers. Experience with the practical 
use of the first two specimens of this apparatus has shown that the problem of the 
automatic test contro! for testing the breaking capacity of circuit-breakers is 


completely solved by this apparatus. 


Translated by S. Szymanski 
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HOW TO DESIGN TRANSFORMERS WITH A MOVING 
SHORT-CIRCUIT COIL * 


I. IA. BERNSHTEIN and L.V. LEITES 


(Received 14 October 1958) 


Today different types of regulators are used for the smooth control of voltage and 
also among them transformers with a moving short-circuit coil. In recent years 
extensive research work has been carried out on these transformers. However, 
certain theoretical problems connected with their efficient design still remain 


unsolved. 


Methods of electromagnetic calculation and the basic principles of efficient 
transformer design with a moving short-circuit coil are examined in this article. 


Working principles 


The working process of the transformer under consideration has already been 
partially described in the references (1-7). There are five coils in the magnetic 
circuit (Fig. 1a). The two primary coils 1 and 2 which are connected in series 
and usually have an equal number of turns'are connected in opposition and gene- 
rate a magnetic flux which makes contact across the space (gap) between the 
core and the lateral yokes of the magnetic circuit. A diagram of the magnetizing 
force in the gap at the top of the magnetic circuit is shown in Fig. 1b. The two 
secondary coils 3 and 4 which are connected in series are connected accordingly 
and situated concentrically to the primary coils. The moving short-circuit coil 
5 is placed on the outside. The position of this coil in the magnetic circuit open- 
ing influences the distribution of the magnetic flux in the transformer, whereas 
when its position is changed the total magnetic flux hardly changes. 


If the moving coil is placed in the middle, one half of the magnetic flux 
makes contact across the lower yoke, and the other across the upper yoke 
(Fig. lc). As a result, e.m.f which are opposite in phase are applied in the 
secondary coils. 


When the moving coil is in any position, the total secondary e.m.f. is the 


* Elektrichestvo No. 3, 72-77, 1959. 
t In certain cases it can be expedient to select a number of primary coil turns which 


are not identical to improve the characteristics of the transformer. 
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total e.m.f. of the secondary coils. When the number of secondary coil tums are 
equal, if the moving coil is situated in the middle position, the total secondary 
e.m.f. is zero. If this coil is situated in an extreme position (e.g. lower) (Fig. 1d), 


the greater part of the magnetic flux makes contact across the upper yoke. Accord- 


ingly the total secondary e.m.f. also changes. 


It should be noted that the number of coils, the number of turns in them, and 
the connexion are determined in a basic fixed range of control. Methods of calcu- 


lation applicable to any coil connexion are stated below. 


Transformers with a moving short-circuit coil are essentially different in 
construction from conventional power transformers. Primary and secondary coils 
are installed on the middle core of a branched armoured-core charged magnetic 
circuit. The a agnetic circuit has a comparatively great height As a rule the 
cross-section of the core is stepped and the section of the vokes rectangular; al! 
the coils are circular layers of rectangular wire. 


The following assumptions have been made to obtain formulae acceptable for 
1960 


practic al calculation 
(1) the presence of an axial field component ¢ aused by a transverse magnetiz- 


ing force, is only taken into account as coefficient a, which is nearly 1; 


(2) the active resistance of the moving « oil is taken to be equal to zero (apart 


from the division of losses in the coils); 


(3) the fall in voltage on no load and the magnetizing current during a short- 


circuit test are not taken into consideration. 
The calculation of the magnetizing current and losses in the steel 


Initially we shall assume that the magnetizing current /; is determined only 
by the non-ferromagnetic section of the path of the main magnetic flux. The shape 
of the curve of the magnetizing force in the gap of the magnetic circuit in relation 
to height is trapezoidal! (Fig. 1b). When we integrate the flux coupling at the top 


of the core and solve the resultant equation in relation to ls, we find that 


where a, ,— portion of total e.m.f.. induced by the transverse field. 


For a magnetic circuit with two lateral yokes a, . l Deia/yh The 
value of a, , approaches unity with an increase in the ratio of the height of the 
opening to its width 

In order to determine the losses in the steel! and the no load current of the 
transformer taking into account the magnetization of the steel, it is essential to 
have a picture of the distribution of inductance in the magnetic circuit. Inductance 


in the steel varies from zero (at the edge ifthe division of fluxes — point X_) to 
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maximum values (at the upper and lower yokes) in accordance with the rule 


x 


where x — distance from the edge of the coil (Fig. 1b). 


The curve for inductance in the steel BZ, when the moving coil is in the 
middle position is given in Fig. 1d. Point x, is situated in the middle of the top. 
In sections / the induction varies linearly, sections li parabolically, whilst in 
sections /// and in the horizontal yokes it is constant. 

The maximum value of induction (in the upper and lower yokes and in sections 


111) is calculated by means of the formula 


The character of the induction curve does not change when the position of 
the coil is altered. The co-ordinate of the limit of the current division is deter- 
mined on condition that the total flux coupling of the short-circuit coil d, /, = 0. 
Thus. if the coil is situated in the extreme lower position, 


(reading x» — from the lower edge of the lower coil). The induction curve for this 
case is shown in Fig. 1 f. 


If the induction coil is situated in the middle position, its current is equal to 
zero, and consequently, it influences the picture of the field in the transformer. 
When the coil is moved from this position, current is induced in it. Therefore it 
is generally possible to consider the field of the transformer as the sum of two 
fields: the field created by the current of the primary coils |; (approximately equal 
to the field of the transformer when the moving coil is in the middle position) and 
the field which is caused by the current in the short-circuit coil. Let us designate 
the fluxes of these fields 9’ and ®”, respe« tively (Fig. 2). For a considerable 
part of its course, flux O° passes through a non-ferromagnetic medium, where upon 


it divides into two equal parts, which accordingly make contact across the upper 
okes. Flux ®” can pass through the whole length of the steel of the 


and lower y 
magnetic circuit. The maximum value of this flux is 
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FIG. 2. Magnetic fluxes and e.m.f. 


and occurs at the extreme position of the moving coil. 
The induction at any point of the magnetic circuit when the moving coil is 


in any position is the algebraic sum: 


Bs. Bo Bs 


If the coil is situated in the lower position (Figs. le and 1 f) the induction 


varies from 


5 

—A 
Siw, 2 

3 h 7; 


in the upper yoke to 


22.5-10°U, 
Fa (6) 


in the lower yoke. The losses in the steel and the magnetizing force Q are cal- 
culated by means of an induction curve as an integral of the specific losses in 
the steel (W/kg) and the specific magnetizing force (VA/kg) respectively accord- 


ing to the total volume of the magnetic circuit. 


The total magnetizing current 
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FIG. 3. A transformer with a moving coi! in short-circuit test. 
a — longitudinal field when the moving coil is in the lower 


position; 
b — magnetizing force when the moving coil is in the middle 


position, 
¢ — magnetizing force curve of the transverse field when the 


moving coil is in the middle position; 
d — induction curve for the steel of the magnetic 
when the moving coil is in the middle position. 


circuit 


As usual, the no load current is the geometrical sum of the current /, and 
the current caused by the losses. The magnetizing force of the moving coil when 
the transformer is running free represents $ H dx according to the contour abcda 
(Fig. le). The no load current, the current in the moving coil on no load (/, .. 4) 
and the losses in the steel vary from their maximum values at the extreme posi- 
tions of the coil to their minimum values at the middle position. 


When a short-circuit is tested, a substantial magnetic flux also passes along 
the magnetic circuit (Fig. 3d). The losses in the steel caused by this flux can 
be calculated by analogy. Moreover, maximum induction in the steel occurs in the 
upper and lower yokes when the moving coil is situated in the middle position: 
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a 
(1 (2h @) 
B = 0.11——, (@, + @,). 


St.y.s/c Ss 


Electromotive forces and currents 


The magnetic field which is considered to be the sum of the fluxes 9’ and 
®*, induces in each of the primary and secondary coils e.m.f. &, and F,; &, 
and &, respectively. Flux © induces in the primary coils connected in opposition 
the total e.m.f. &, = &, — &, = — U,, whereupon b, = — B, = — U,/2. Inthe secondary 


coils connected accordingly e.m.f. 


2w, 


are induced (Fig. 2). The total e.m.f. induced by the flux ®” in the primary coils 
where w, = w,, is equal to zero. In the secondary coils the flux ®” induces the 
e.m.f, 


Since ®* varies from — j ”,,,, when the moving coil is at the bottom to + /®*,4, 
when the moving coil is at the top, the total e.m.f. of the secondary coil 


varies from 


—U,2 no+U, =. 


The dependence of &,, on the position of the moving coil with sufficient accuracy 
for practical purposes can be represented by a straight line 


The expression is square brackets can be considered to be the transformation 


ratio: 
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(10) 


When the position of the coil is varied, km varies from W/W, tO — W/W. The 
load current /,, is converted with the same ratio: 


The primary current 


r I, I +l. 


(12) 


As the primary coils are connected in opposition, their magnetizing forces 
are always compensated according to the contour passing as a whole along the 
magnetic circuit. Consequently, the magnetizing forces of the secondary coils 
connected accordingly must be compensated for by the load component of the mov- 


ing coil m.m.f. 


The relationships between (12) and (13) can be rigidly demonstrated on the basis 


of the quadrupole theory (5). 
Short-circuit voltage 


We shall consider the reactive component of the short-circuit voltage U, to be 
the sum of U,, and U,,, which are respectively dependent on the longitudinal and 


transverse magnetic fields from the magnetizing force of the load current. Let us 
first examine the case when the moving coil is situated in an extreme position, 
(e.g. lower). The values of the magnetizing forces of the coils in this case are 
shown in Fig. 3a. Moreover, since the transverse field is absent, U, = U,,. 
Because of the complex nature of the distribution of magnetic fluxes it is conve- 
nient to use the formula produced below for the calculation of the leakage voltage 


of such a transformer: 


Integration is produced according to the total dispersion field V,: 
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(1w)*R aR, 


where /w — value of magnetizing force, corresponding with the flowing radius RX. 


After integration we obtain: 


2 A 9 
mat + 4,0,w,D, + 


“4 
3 4mid 


4, 2 


45 mid 


For an approximate evaluation of U;,, it is possible to simplify formula (16). 
Let us disregard the differences in the mean diameters and assume that the num- 
ber of turns in each of the secondary coils equals ‘4 (w, + w,); let us suppose 


that 
= Av = 4A, =A, and b,, = 


24.8f 


3 bi, \en- 
(3 b+ +6,,)10-°. 


2 
+ w,)"D 


Now let us examine the case when the moving coil is situated in the middle 


position (Fig. 3b). In this instance U,, is calculated in a similar way: 


24,8fo/y 
= h (@, + w,) D {4 + 6,,)10- (18) 


However in this case the transverse field plays a fundamental role and the value 
of U,, is considerably greater than U,,. The curve for the magnetizing force of the 
transverse field is represented in Fig. 3c. In a similar way the curves of the 
magnetizing forces can be plotted when the coils are in any position. The largest 


1960 


126 
R ext 
ne 
Rim 
(16) 
Then 


160 


FIG. 4. Curves of transverse magnetizing forces. 
no ioad current, 
load « urrent; 
> — total force with a reactive load; 
d — total force with an active load. 


transverse field occurs in the case when the coil is positioned in the middle of 
the top. Then the field is symmetrical and is determined by the total magnetizing 


forces of the secondary coils (Fig. 3c): 


= 


(19) 


where /w — value of the magnetizing force of the transverse leakage field corres- 
ponding to the point x. After integration we obtain: 


where a, ,. = 1 — 2D,,iq/yh (for magnetic circuits with two side yokes). 


When the coil is moved from the extreme to the middle position, U, changes 
smoothly from U,,, calculated by formula (16) or (17), to U,, + U,,, determined 


according to formulae (18) and (20). 
Losses in the coils 


It is convenient to look upon losses in the coils of a transformer as the sum 
of the basic losses, caused by the electrical resistance of the copper and the 
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additional losses due to eddy currents. The determination of basic losses does 
not cause any difficulties. Therefore let us only consider methods of calculating 


the additional losses, which are of substantial importance in the case under con- 
sideration. 


The specific additional losses Pp, are determined by the magneti field 
which penetrates the leads of the coil. Losses from the axial field are calculated 
in the same way as in conventional power transformers. The transverse field, 
penetrating the coil, is the sum of the field of the main magnetic flux ° and the 
transverse field of the leakage flux, due to the load current The former is practi- 
cally independent of the load current and the position of the moving coil, but the 
latter depends substantially on both factors. The field of the leakage flux, which 
is in phase with the load current. attains a maximum value when the moving coil 


is in the middle position 


We shall first examine the dependence if the additional losses on the nature 
of the load. when the coil is situated in the mi idle position. In the case of the 
reactive load the fields of leakage flux and main flux ® are summed algebraically 


(Fig. 4c). In the case of the active load these fluxes are shifted through an angle 1960 
of 90°. The modulus of their geometric sum is shown in Fig. 4d. Since the value 


of p,, is proportional to the square of the induction, with an active load the ad- 


ditional losses are ¢ jual to the sum of the losses wh ic h lepend separately on the 


leakage fluxes fF ig tb) and the main flows ®>* (t ig 


coils are identical, total additional losses with a reactive load are the same 


total. However, as can be seen from the curve in Fig. 4c, 
buted among the coils, which should be allowed for in a heat calculation. 


ta). If the upper and lower 


the losses are redistri- 


In the rectangular wire, situated in the magneti< field with an induction B, 


which is standard for side c of the wire, the additional losses , (8) 


B 
(21) 


99 
P. 22.3¢ | F600 


When calculating the additional losses from the transverse field one must have in 


mind that is th © axi i! dimension of the wire an | that B is the radial component 
of induction By means »f formula (21) it is P yssible to calculate the specific 
losses P, at any point of the coil 


The radial component induction varies a the circumference and 
height losses in the entire coil it 
is esser luction a rding to the 


sicuiated by pl tting a picture of the 


§ measurements in models 


oefficient of the shape of the radial field curve according to the 
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volume of « pper in tne iis ihis 
field graphically [9] or on the basis === 
ey (/@) 
B = 1 
Ri av 
where: the 
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coil’s perimeter, which usually approaches one, and (/w), ,, . — the root-mean- 
square value of the transverse magnetizing force according to the height of the 
coils. The latter depends on the shape of the curve for the transverse magnetiz- 
ing force, which allows for the coefficient k: 


P= 


If we calculate the additional! losses from the field of the main flux ®’ we 
have /u ™ w,, and k = 1/3 for all the static coils and for the moving coil situat- 
ed in the extreme position. When the moving coi! is placed in the middle position, 
k= 2/3 + a/h — 1/12 (1 + a/h)’. When o/h = 0.1 -0.2 we obtain: & = 0.7. 


If additional losses from the field of the transverse leakage flux are calcul- 


ated in the case when the moving coil is situated in the centre position, 


for all the coils. 


In coils with several paralle! leads considerable additional losses can also 
arise from imperfection or lack of transposition. The most efficient means of re- 
ducing additional losses would be to use transposed wire, consisting of a number 
of paralle! leads insulated from each other. 

Since a certain part of the magnetic flux penetrates the magnetic circuit in a 
direction perpendicular to the surface of the sheets of steel, additional losses 
also arise in the magnetic circuit. The use of a radial assembly of cores for 
the magnetic circuit of the transformer in question can be an effective means of 
reducing them (Fig. 5). When the number of yokes increases the magnetic flux 
passing in the walls of the tank, and, consequently, the additional losses in it 


also decrease. 


Choice of a parameter ratio 


Transformers with a moving short-circuit coil require substantially greater 
reactive power than conventional power transformers. Therefore ratios which are 
accurate in practice for conventional transformers are not always correct for these. 
When these transformers are designed the correct choice of a ratio between the 

no load current and the short-circuit voltage is especially important. The current 
lg and the voltage U,,, which in practice determine the value of the no load 


Then 
v mid WU (nD, ¥ 
/ mid (29) 
: 
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current and short-circuit voltage respectively, are connected by a fixed ratio. 


When the coil is moved from one extreme position to another, /jy varies from 


Uy by Al 


We shall observe that Wiyl, = AUy/y. By using the formulae (1) and (20) we 


may examine the expression 


When a transformer is designed U,, \Uy, and /1 are usually fixed. When the 
value of the ratio a/h is fixed formula (23) can be used for selecting a suitable 


ratio between the no load current and the short-circuit voltage of the transformer 


in a rather transposed form 
(24) 


The reactive power whi h a transformer requires : resence of load is in 


the first approximation 


It can be expedient to construct transformers so that 


i Il lw 
i 
We shall! denote the variation of the range of 
ly by =/, — 
IN y IN 

and the variation of the range of the secondary voltage : 
w, + 1960 
“i 
a \! fa\ 
4 ~ = 0.0419 7 (23) 
3 h 
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FIG. 5. A four-yoke magnetic circuit with a radial 


assembly of core plates. 


Aly but Y gAl 


Here. the reactive power required by the transformer is at a minimum, the no 
load and short-cir¢ uit reactive powers being equal. 


However it can be expe lient in certain cases to have a low value for the 


short-circuit voltage on account »f a relative increase in the no load current. \ 


solution can be obtained by selecting the reduces values of y, u , and fA 


Comparison of results of calculation and experiment 


A trial calculation has been carried out according to the method stated for a 


three-phase transformer with an output of the order of 100 kV/A. The transformer 
was then examined in various systems (without tank). [he discrepancy between 


ation and measurements of the no load current, the current in the 


results of calcul 


moving coil and the secondary voltage does not exceed 2 per cent of the maximum 
value of the corresponding parameter, the current in the primary coils in a short- 


circuit test, and of the short-circuit voltage and losses — 5 per cent, and the no 


load losses — 15 per cent. 


CONVENTIONAL SYMBOLS 


primary voltage (v); 

frequency (c/s); 

magnetizing current (effective value) (A); 

secondary current (A); 

number of turns of coils 1, 2, 3, 4 and 5 respectively 
(Fig. la); it is assumed that w, = w,; 

active section of the core usually equal to the total 


section of the yokes (cm’); 


(25) 
: 
q 
l 
I,- 
if ly - 
W,, Wy, Wy W, and Ws, — 
: 
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B., — induction in the different sections of the magnetic 


circuit (peak value) (G); 
P» — specific additional losses in the coils of the transformer, 


dependent on the magnetic field, W/ke:; 


Vu; short-circuit voltage (V4) where and 


L. — its active and reactive components respectively; 
Rogovskii « oefficient; 

leakage inductance (H); 

specific relative magnetic conductivity of the non-ferro- 
magnetic section of the path of the transverse magnetic 
fluxes (gaps) between the core and the lateral yokes; any 
of the familiar methods of calculating a field |9| or ex- 
periment can be used to determine ) 


displac ement of the moving coil relative to the lower 
position as a percentage of the maximum displ ac ement. 
Svmbols for the geometric dimensions of the transformer 

wre given in Fig. la. In the formulae shown all the dimens- 


ions should be brought to centimetres. 


Translated by }.F. Bovland 


REFERENCES 


G.N. Petrov; Flektricheski ishini (Flectrical Machines), Pt. 1, Gosener,oizdat 
(1956) 

A.V. Bamdas and Neliaev: Trans formatori sistemi E. Norrisa dlia plavnovw 
regulirovaniia napriazheniia Norris system transformers for smooth t yltage control) 
(1939) 


snk 


Uspekhi rentgenotekhniki (Progress in Radiography) extract a 
Borzhim, [ssle vanie ploskoparallel’novo magnitnovo polia primenitel’no k 
4 
rezhimu Kholostog uiiatora napriacheniia korothozamaknutot obmotkos. 
study of a plane-t lel magnetic field suitable for the no load sys 
voltage regulator with a short-circuit coil). kand. Diss MEI (Moscow Power Institute) 
(1955) 
1. Norris. The moving coil voltage regulator. Ferrami, Lad. (1943). 
G.U. Raweliffe and LR. Smith, The moving cotl regulator: a treatment from first 
principles. Proc. Inst. t.ngrs. 4-104. No. 13 (1957) 
tT. Norris, The moving coil voltage regulator. J. Inst. hlect. lngrs Vol. 83, No. 499 
(1938) 
E.T. Norris, The moving coil regulated transformer. Beama lournal of the Uritish 
blectrical Industry, Vol. 55. No. 135 (1948) 
N.1. Bulgakov, Raschet trans formatoror (The design of transformers ), Goseneryoizdat 
(1950). 
A. Pabikov. Elektricheskie apparaty (Electrical apparatus), Pt. 1, Gosenerpoizdat 
(1951). 


132 
1960 
l. 
4. 
9. 


THE ELECTRICAL FIELD OF A DIRECT CURRENT CABLE * 
M.N. BRONGULEEVA 


(Received 15 October 1958) 


A study of the problem of the distribution of the electrical field intensity in 


relation to the thickness of cable insulation is of great importance when consider- 


ing d.c. cables. It is usually thought that the distribution of field intensity in a 
cable is determined entirely by the electrical conductivity of the layers of insula- 
tion when the cable is heated |] -3). t-xperiments show, however, that the actual 
distribution of field intensity throughout the thickness of cable insulation can be 


different from the theoretical distribution in relation to the conductivity. 


In order to measure the distribution of potential throughout the thickness of 
insulation in a cable, five probes, filled with metallized paper tape, were laid 
down during its manufacture. In the table are shown the basic parameters of two 
of the d.c. cables which underwent the experiments. In both cases the cables 
were soaked in a kanifol-oil compound. 


rABLE 1. 


Distance from core 


to probe, mm 


= 
of the 


mr 


mber of probes 


insulation mm 
insulation, mrt 


construction 
niniu 
Thickness of 


core, 
Radius o 
screen 


= 


lo prevent eddy currents in the measuring instruments from distorting the real 
picture, electrostatic voltmeters and a rotor voltmeter were used when measuring 


in all ranges of voltage. Voreover, in order to reduce leakage through the surface 


* Elektrichestvo No. 3, 78-82, 1959. 
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The electrical field of a direct current cable 


Potential % 


Potential % 


Distance from core, 


FIG. 1. Distribution of potential throughout the thickness of « able insulation. 


cable, type |, with voltage of 90 kV; 
cable, type 2, with voltage of 250 kV. 
negative polarity at core, 

- positive p« larity at core, 


distribution in relation to conductivity, (calculation). 


of terminal fanning, they were strongly protec ted from damping by a coating of a 


The accuracy of the results of the measuring of 
the probe potentials was checked by a series of counter-measurements In the 


majority of cases the difference in the results of the measurements lay within a 
range of 5 per cent. 


sper ial high-resistance varnish. 


Che distribution of potential throughout the thickness of cable insulation in 
the first moment after the connexion of voltage approximates to the distribution 
in relation to the conductivity, and varies in the course of time. Of greatest 
interest is the steady state (in practice 1's hr after the connecting of voltage), 
where the variations in distribution of potential appear to be the greatest, when 
compared with the distribution of potential in relation to conductivity. 


134 
N 
| | 
~ 
| 
+— 
~ 
~ 
3 
| eS 
Distance from core, ™m 
| 960 
1 
| 
rT 
= 
~ 
b 
l 
— 


160 


The electrical field of a direct current cable 


FIG. 2. Functions g (x) and h (x) for a cable, type 1, 
with voltage of 90 kV of negative polarity. 


It will be seen from Fig. 1 that the distribution of potential throughout the 
thickness of cable insulation can be substantially different from the distribution 
of potential in relation to the conductivity. It should be noted that with lower 
voltages the difference in the distribution of potential from the distribution in re- 
lation to the conductivity is less, but the character of the curves is analogous. 


The actual distribution of potential throughout the thickness of cable insula- 
tion may be represented as the sum of two functions, in which the value x=r/r;, 
serves as the independent variables (the ratio of the flowing radius to the radius 
of the cable insulation). 


¢ (x) =f (x)+ (), a) 


where f (x) — function for the theoretical distribution of potential in relation to 


conductivity. 
g (x) — difference between the real (observed) and the theoretical distribu- 


tion of potential. 


We will seek the function g (x) in terms of a polynominal: 
h(x)== a, + a,x + a,x’ + a,x’. 


To determine the coefficients of x we may apply the method of the least 
squares, according to which the sum of the squares of the errors for all points of 
observation must be minimum, (4). 


The curves shown in Fig. 2 for one of the cables of the design under consi- 
deration show that the approximation of the actual curve g (x) to the polynominal 
h (x), whose coefficients are calculated by the method of the least squares, 
is sufficiently close. 


Having an analytical expression of the potential! it is easy to obtain an 
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The electrical field of a direct current cable 


Intensity 


Distance from core,mm 


Intensity ¥, 


Distance from core, mm 


b 


3. Distribution of electrical field intensity throughout 
the thickness of cable insufation. 

a — cable, type 1, with voltage of 90 &V, 

6b — cable, type 2, with voltage of 250 kV. 

1 — negative polarity at core, 

2 

3 


Fic. 


positive polarity at core, 
. distribution in relation to conductivity, (calculation. ) 
analvtical function for the distribution of the electrical field intensity throughout 


the thickness of cable insulation 


E jr) : grad 9(r) = grad ¢(x) 


E(x) — + 2a,x + 3a,x"), 
th 


where E,), (x) — the theoretical (ideal) distribution of the electrical field intensity. 
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The electrical field of a direct current cable 


In Fig. 3 are shown the curves of the distribution of field intensity in the 
cable insulation for both designs, plotted from equation (3). So as to compare the 
degree of distortion in the electrical field the curves of the theoretical distribu- 


tion of field intensity iu relation to conductivity are given in the same diagram. 


The results of experiments show that with an increase in voltage on the 
core of the cable the difference in the distribution of field intensity from the 
theoretical grows, while there is a significant increase in the field intensity in 
zones near the core and casing, and a reduction in the middle part of the insula- 
tion. as is seen from Fig. 3. In so far as the cable insulation is considered uni- 
form this distortion may be attributed to the formation in the insulation of volu- 
metric charges under the influence of direct voltage. 

The cable insulation may be considered as an isotropic medium, and there- 
fore the distribution of volumetric charge density p may be found from Poisson's 


equation: 


With theoretical distribution of potential the volumetric charge density 


equals zero, i.e. V2? f(r) «0, and so: 
o(r) eg Air). 


Substituting the variable x = r/r;, for the variable r, and taking into account 


that in the case under consideration the volumetric charge density is a function 


of the radius only, we obtain 


Oh(x) 4 1 
ox* x Ox 


r 
in 


1 ¢ 
ta, + 


For paper insulation impregnates in a kanifol-oil compound we have: 


8x8.85x10>"* <= F/mm. 


In Fig. 4 are shown the results of a calculation of the distribution of the 
volumetric charge density in cable insulation. These show that under the influ- 
ence of direct voltage, volumetric charges of both signs develop in the insulation 
with maximum concentration of these near the core and the casing. From a com- 
parison of the curves shown in Figs. 3 and 4 it can be seen that the zones of 
maximum electrical field intensity correspond to the zones of maximum volumetric 
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Distance from core,mm 


€--- 


Volumetric charge density n/mm’ = 10** 


Distance from core,mm 


= 
E 
E 
e 
é 
© 
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FIG. 4. Distribution of volumetric charge density throughout the thickness of 
cable insulation with various voltages on core of cable. 
a — cable, type 1, 
b — cable, type 2. 


charge density. 

In order to illustrate the gradual increase through time of volumetric charge 
density in the insulation, the graphs of the distribution of volumetric charge density 
for various moments of time after the connexion of voltage are shown in Fig. 5. The 
presence of volumetric charges immediately after the connexion of voltage is explain- 


ed by the fact that in practice the measurements were made in a period of approximately 
1 min. 

The formation of volumetric charges is caused by the movement of ions, the 
number of which depends on the nature and purity of th electric, and in impre- 
gnated paper insulation it is determined by the preser 
the paper and oil. Taking into account that the volumetric charge density at all 
und the casing, is deter- 


e of dissociating agents in 


points in the insulation, including those near the c: 
mined by ionic movement throughout the whole thickness of the insulation, and 
considering that the volumetric charge density near the casing (i.e. at the point 


of minimum theoretical electrical field intensity) is greater than near the core, 


where the theoretical field intensity is et maximum, it is seen to be more correct 


to estimate the volumetric charge density near the core and the casing as a 
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FIG. 5. Distribution of volumetric charge density in insulation of cable, 
type 1, with voltage of 60 kV, negative polarity. 
] — immediately after connecting voltage, 
9 — 45 min after connexion, 
3 — 90 min after connexion. 


function of the average field intensity in the insulation. In Fig. 6 are shown the 
graphs of the absolute average values of the volumetric charge density near the 
core and the casing, in the presence of positive and negative polarity at the core, 
as a function of the average field intensity. 

Experimental data, and the results obtained from them, show that the character 
of the distribution of the volumetric charge density in direct-current insulation 
cables of various makes is ‘dentical, the distribution of volumetric charge density 
for cables with impregnated paper insulation here being expressed with satis- 


factory approximation by the equation: 


(5) 


coefficient of the average value of the volumetric charge density near 
the core and the casing, with positive and negative polarity at the 
core. 

a — radius of the core. 

b — radius through the insulation. 


The quantity A is the function of the applied voltage (average field intensity), 
and depends on the nature and properties of the insulating material. With positive 
polarity at the core the quantity 4 has a negative value, but with negative polari- 
ty at the core A it has a positive value. The function 4 = f (E,,) may be deter- 


mined by experiment. 
Thus in determining the type of insulation the law of the distribution of 
charge density throughout the thickness of the cable insulation may be 


volumetric 
arises the problem of locating 


considered as known. In connexion with this there 
the distribution of field intensity throughout the thickness of the insulation which 


corresponds to this law and makes it possible to calculate the field intensity of 
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nir— a) 
o(r) == Acos 
where 


The electrical field of a direct current cable 


Volumetric charge density 


on electrodes n/mm’ « 10** 


Average intensity kV/mm 


FIG. 6 Relation of average absolute values of volumetric charge density 
at core and casing of cable with positive and negative polarity to the 
average electrical field intensity. 

1 — cable, type 1, 


2 — able, type 


the insulation, taking into account the volumetric charges. 1960 


To solve this problem in general let us take the electrical displacement LD) to 
be a function of the radius D = f(r)/r. In this case, in a cylindrical system of 
co-ordinates we obtain: 


p=div D=— + ar 


Allowing for the fact that 


fir) 


r? 


Integrating the equation we obtain: 


f(r) =| Ep 


The function f{ (a) is obtained in the following manner. 


Denoting the voltage applied to the core of the cable by U we obtain distri- 
bution of potential throughout the thickness of the cable insulation: 
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Intensity kV/mm 


Distance from core , mm 


FIG. 7. Distribution of electrical field intensity in the insulating layer 
of cylindrical capacitors with thickness of insulation b-a = 15 mm 


when U = + 250 kV. 


r 


=U— | E (4) — 


- dae 


when r==6 potential therefore 


b 


b 

In - 
a 

a 


Substituting the value thus obtained for f (a) in equation (7) we have the formula 
for the distribution of field intensity in a cable: 


+ 


rin— 
a 


a: (9) 
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It should be noted that by an analogous method we may determine the dis- 
tribution of field intensity in a flat capacitor by the known function p (x) for the 
distribution of volumetric charges. In this case it is assumed that D = f (x), and 
that the electrical field intensity equals: 


x 


d 


where d — distance between the capacitor plates. 


To illustrate the use of equation (9) we reproduce the calculation of the elec- 
trical field intensity of a cable where the distribution of the volumetric charge 
density in the insulation isin conformity with equation (5), i.e. approximates to 


the experimental. 


Substituting p (7) in equation (9) we obtain: 


E(r)= 


nme 


A(b—a) [sin 


_ Alb — apr 


2 l 
a 


(Si and Ci = integral sine and cosine) 


when U = 250 kV, a = 20 mm, 6 = 35 mm; A = 0.2. 10°" k/mm’. 


949 
E (r) — 28.4 sin 12(r — 20)— 


136 9 9 
— cos 12(r [kV/mm] 


In Fig. 7 this equation is plotted as a graph (the curve is continuous when 
b/a = 1.75), and the results are also shown for the design of a cable with the 
same thickness of insulation but with a smaller core diameter, (6/a = 3). In the 
same figure are shown the curves for the distribution of field intensity in the 
absence of volumetric charges (dotted curves). The results of an analysis of 
equation (11) show that the size of the zones for the increased field intensity in 


142 
1960 
U 
rin 
+ — — cos 
mr b6—a 
(11) 
where 
k 2 + Cos 4 (ci Ul 
- na Sj nb Si na 
sing, (Si 


The electrical field of a direct current cable 143 


the insulation (compared with the theoretical distribution of field intensity) does 
not depend on the value of A, and only to a small extent depends on the ratio of 
the radii, constituting on either side only 1/5 of the thickness of the insulation. 


An investigation of the distribution of field intensity in the insulation when 
b/a = const. and E,, =const with different thicknesses of insulation show that 
with an increase in the thickness of insulation the influence of the volumetric 
charges is stronger, this increase of influences being more marked in the case of 
an external electrode than an internal electrode. The size of the zones of the 
increased field intensity of each electrode constitutes, in the same way as in the 
instance discussed, about 1/5 th of the thickness of the insulation. The increase 
in the distortion of the distribution of field intensity, with an increase in the 
thickness of the insulation as a result of the formation of volumetric charges with 
one and the same average field intensity and one and the same ratio of the radii 
of the insulation and the core, is in accordance with the fact that with an increase 
in the thickness of insulation its puncture strength is diminished. 


Conclusions 


|, When designing cable insulation and apparatus for use with high direct 
voltages it is essential to bear in mind the difference in the distribution of field 
‘atensity throughout the thickness of the insulation from the theoretical (in rela- 
tion to conductivity) as a result of the formation of volumetric charges. 


2. On the basis of experimental research with the distribution of the electrical 
field in the insulation of a d.c. cable it has been established that as a result of 
the formation of volumetric charges a significant increase on field intensity at the 
core and the casing takes place, and also a decrease in the central parts of the 
insulation. The maximum concentration of volumetric charges occurs at the core 
and the casing of the cable. With an increase in voltage there is an increase in the 
density of the volumetric charges at the core and the casing, and in the deviation 
of the distribution of the electrical field from the ideal. 

3. With negative polarity at the core the maximum density of volumetric 
charges at the core and the casing is in most cases somewhat greater than with 
positive polarity, which accords with the observed fact of less electrical stabili- 
ty in the case of negative polarity compared with the stability in the case of 


positive polarity. 


4. The general expressions obtained for the calculation of the electrical 
field intensity for a known distribution of volumetric charges in an insulating 
layer may be used in computing and designing insulation of cables and apparatus 
intended for use with high direct voltage. The formulae obtained allow us to de- 
termine the zones of increased field intensity in the insulation and the change of 


intensity, given a change in the geometric parameters. 


5. With a distribution of volumetric charge density in cable insulation accord- 
ing to the laws approximating to those obtained by experiment, the size of the 
zones of the increased field intensity at the core and the casing of the cable are 


equal to about | 5 of the thickness of insulation on each side. 


| 


The electrical field of a direct current cable 


6. The described method for conducting experiments.and analvsing the 


results. mav be used to study cables in a heated condition, but it must be kept 


in mind that bw the function / (x) of the theoretical distribution of potential is 


understood in this case the value of the potential as calculated wit! due regard 


to the change of conductivity of the insulating layers under the influence of the 


load. 
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Falling into step of water wheel generators. |..G. Mamikoniants and VG. Portnoi 
(pp. 18-23). 

In view of the complexity of the fundamental characteristics and criteria for the 
successful synchronization of synchronous machines, the results of an analysis 
of the process of pulling into step are given for hydroelectric generators which 
are connected in the network by the method of self-synchronization. The investi- 
gations were carried out on an 1PT-5 electronic analyser. The system of equa- 


tions used and the structural scheme for the analyser are given in an appendix. 


Transients in ladder network lines of power system models. R.1. Karaev (pp. 28-32). 
lransient processes in circuit sc hemes of network analysers are considered with 
the aid of the generalized l agrangian co-ordinates. The paper discusses how to 
use this method and compares the characteristics of circuit schemes with the 


characteristics of long distance lines. 


Changes in the voltage of synchronous generators with self-excitation when 
suddenly increasing the load. \.A. Smirnov (pp. 32-36). 

The determination of the variation in voltage of compounded synchronous gene- 
rators with self-excitation through semiconductor rectifiers in the presence of 
sudden loads is linked with the stability of asynchronous loads, the stability of 
parallel operation of synchronous generators, the construction of minimum protect- 
ion and the operation of receivers sensitive to changes in voltage, etc. The paper 
presents a me od of mathematical analysis. The author concludes that in order 
to ensure com overy of the voltage of a comp vunded generator with self- 
excitation after a sudden connexion of the load, normal compounding is insuffic i- 
ent and that it is necessary to employ over-compensation. [he author agrees that 
in order to ensure stable operation of a generator with self-synchronization, the 


magnetic system of the generator should be sufficiently saturated. 


Shielding solid steel parts of a vibrostand from an alternating magnetic field. 
S.B. Vasiutinskii, G.P. Nagaenko and M.I1. Fedorishin (op. 37-41). 

In certain electromagnetic apparatus the use of special copper screens is very 
desirable. Test data for an electrodynamic vibrostand for testing mechanical! 
constructions or components are given for the case when screens 2 mm thick in 
the form of short-circuited rings are employed to shield the surface of the steel 
core and a ring-shaped pole at the point where the moving coil is arranged. Screen- 


ing of the solid steel core is espec ially advisable at high frequenc ies. 


Mathematical modelling by means of analogue computers for analysing a motor- 
generator system. kriedzon (pp. 41-47). 

Khen planning a motor-generator system, it is advisable to use the method of 
mathematical modelling if it is desired, for example, to study the effect of varia- 


tion in the parameters of equations. A method is described for the use of analogue 


computers to solve analytical and design problems for the electrical drive of a 
steering device using the motor-generator system with a negative current feed- 
back. The proposed method enables the most profitable parameters of the system 
to be determined from the point of view of maximum drive productivity and reliable 


data can be produced concerning possible operating conditions, including faults. 
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On calculating the starting duty of d.c. motor drives. Iu. N. Bakaev and 

P.I. Kuznetsov (pp. 47-50). 

In some cases it is desirable to avoid testing independently excited d.c. motors 
in transient conditions and to reduce this laborious operation to a relatively 
simple control of the primary parameters. This calls for simple formulae and, if 
these formulae are approximate, the degree of error must also be determined. One 
proposed method disregards the inductance of the armature circuit and in recent 
years there has been a systein of differential equations containing small factors 
(Tikhonov). The present article quantitatively evaluates the errors in using these 


methods. 


Performance of cage-rotor induction motors at low ambient temperatures. 
G. la. Shkil’ko and G.V. Sogin (pp. 56-58). 

Squirrel cage induction motors up to 5kW are frequently used out of doors in 
temperatures down to — 50°C. A study is made of the operation of such motors 
and the variation of the motor characteristics at low temperatures. In the 
temperature range + 10 — —50°C, motors with an increased starting torque are 
required and special frost resistant grease and protection from condensation 
during intermittent operation. In the temperature range + 50 — —50°C special 
motors have again to be produced. 


Single-phase capacitor motors with doubly shunted stator windings. A.I. Adamenko 
(pp. 58-64) 

An important field of application of single-phase motors is in agriculture where 
440V is widely used in single-phase low voltage distribution networks. As no 
motors are produced for these networks, it has been shown to be possible to use 
220/380 V three-phase motors. Here the stator winding is connected in series and 
one or two phases are shunted by capacitors. The output of the motor on the 
single-phase state should be maximum with the smallest possible output of the 
capacitor bank. From this point of view interest is focused on a scheme of a 
single-phase motor with a doubly shunted stator winding. Starting conditions, 
normal operation and automatic control schemes for starting are discussed in 


turn. 


On the correction factors to the differential equation coefficients for a rotary 
amplifier — motor system. V.V. Byusheva (pp. 64-67). 

A method is proposed for calculating the corrections to the coefficients of a dif- 
ferential equation for a system consisting of a dynamoelectric amplifier with an 
output of 10 kW feeding a d.c. motor of independent excitation. A comparison is 
made between calculated and experimental curves for speed variation of a motor 
during acceleration. The determination of the corrections from experimental data 


is then discussed and an example of the method of calculating the coefficients is 


given in an appendix 


= 
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Compounding of synchronous motors when directly connecting the excitor. 

V.V. lukhov (pp. 82-85). 

[he starting and automatic control schemes of the drive for 22 NDS type centrifu- 
gal pumps proved to be unreliable and where therefore reconstructed on the basis 
of direct starting with dead or deaf application of the excitor. The distinctive 
feature of the simplified starting schemes is the presence of the dead or deaf 
compounding device connected to the motor circuits with manual action ou the 
excitation current of the motor with the aid of an excitor regulator. 


Selecting the optimum parameters for variable inductor circuits. A.D. Loblia. 
(pp. 85 - 87). 

The use of reliable and simple impulse metering and other contactless inductive 
devices in many cases encounters difficulties connected with insufficient sensi- 
tivity in operating conditions in the presence of large air-gaps like, for example, 
impulse metal locators in the technological line in rolling mills etc. The author 
discusses and makes recommendations as to the choice of the optimum relation- 
ships for certain electrical parameters in inductive schemes for input links, re- 


sistance of the circuit and the load capacitance. 
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OPTIMUM VARIATION OF BASTC PARAMETERS AND THE 
RATIONAL STRUCTURE OF CONTROL SYSTEMS FOR 
ELECTRIC DRIVE* 


O.V. SLEZHANOVSKII 
MOSCOW 
(Received 25 November 1958) 


One of the main problems in an electric drive is the speed control of 
the executive motor In the most common case of a cont rolled d.c. driv e, 
control is maintained by varying the voltage applied to the armature and 
the motor excitation flux. The motor voltage and excitation is controlled 
by converters, exciters and amplifiers connected as a rule in a single 


closed control system. 


With the right choice of structure and parameters, closed control 
systems can ensure nearly optimum control processes. However, in many 
cases, due to the lack of exact knowledge about the appropriate laws of 
variation of the system basic parameters, systems are not rationally 
designed, and, because of this, transient processes differ considerably 
from those which were expected. Most often this happens in multistage 
dynamoelectric control systems, which contain elements with a restricted 
maximum voltage and considerable electromagnetic time constants. In 
connexion with this it is obviously necessary to determine a rational 


law of variation for such parameters as the voltage and e.m.f. of 


exciters and amplifiers, as well as the controlling signals of the input 


elements. 


Since the contro! of the input signals is usually done by rigid and 
flexible feedbacks according to the parameters to be controlled it is 
advisable to establish the laws of variation of basic intermediate para- 
meters as functions of the output parameters, and not as functions of 
time. This approach to the problem will further lead to a synthesis of 


control systems 
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The starting point is the dependence of the dynamic component of the 
motor current on the converter voltage (the generator excitation flux) 
or the motor excitation flux. It is assumed that this dependence can be 
derived from regulating the specifications and overload characteristics 
of machines, and in many cases by the method of simultaneous solution of 
the known time relationships for dynamic components of current as well 
as for voltage and the generator or motor excitation flux. In this work 
approximate laws of variation of the system basic parameters have been 
established for a given character of the process of the basic control 
to which corresponds the initial dependence of the current dynamic com- 


ponent on the output parameter under control. Formulae have been obtained 


which allow both the structure of the control systems to be noted and 
the feedback parameters and choice of the exciter and amplifier to be 
fixed. The relationship between the “static excitation characteristics 


and dynamic indices of the drive is also shown 
1960 


The basic relationships are deduced in examples of electrodynami¢ 
control systems, but the method applied can also be used in systems of 


ionic excitation and ionic drive 


Derivation of basic relationships for the excitation control of 


generators for generator-motor systems 


The case of the drive control (Fig.1) is discussed for a constant 
excitation flux of a motor ¢, static torque equal to zero, and for two 
different most efficient current diagrams, one of which corresponds to 
the uniformly accelerated and uniformly retarded and the other to the 


“optimal” process of varying the speed of the executive motor 


For uniformly accelerated or uniformly retarded processes, the cur 
rent dynamic component remains constant throughout the transient pro 
cesses and is independent of the value of the parameter under control 


(the generator speed, the excitation flux of the generator): 
[= = const. (1) 


For the optimum process of speed control the speed of rotation of 
the motor varies with time as a parabola, but the current dynamic com 


ponent - as a straight line 


A simultaneous solution of equations for the speed of rotation (of 
the excitation flux of the gererator) and for current enables the elimin 
ation of the time variable and the derivation of the initial dependence 
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GEW 


Exciter 


Amplifier 


a 


FIG.1. Basic circuit for motor control 
Exciter, Amplifier 


GEW - the generator excitation winding 
MEW - the motor excitation winding 


of the current dynamic component on the motor speed of rotation (on the 
excitation flux of the generator), this relationship being necessary for 


further calculations 


j=+1,V1—4,, 


ar 3S the value of the excitation flux of the generator 


wherey #90 /¢ 
in relative units 


The positive sign corresponds to the stage of acceleration, the neg- 
ative sign — to the stage of retardation. Characteristics /] * f (y) is 


shown in Fig.2 


On the other hand for ¢ = const. for the current dynamic component 
the following relationship can be written: 


ian 
dt 


where Ty is the electromechanic time constant of the drive; 


R.. is the resistance of the armature circuit; 


0 
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E and LE. are the e.m.f. of the motor and generator 


Vaking the usual assumptions we take: 


Ty dE, Cyn Ty/, 
dt or da’ 


where C_ and n_ are the machine constant and the speed of rotation of 


the generator: 


is the excitation flux of the generator; 
is the short-circuit current for 


ar 


the generator rated 


Fron expression (3) it follows that: 
1960 


d@ 
(4) 
dt 
Thus. if the relationship J = f(@_) is given, the law of variation 
of the generator flux as a function ol time 1s also given 


Substituting into formula (4) the values of J and denoting 


we get: 


d+, 


dt 


(4h) for the optimal process 


| 
The relationships obtained between the derivatives of the generator 
enable us to derive 


excitation flux and the dynamic current component 
and the prevailing 


the relationship required between the exciter e.m f 


152 
= 
(a) for uniformly accelerated and uniformly retarded processes: 
qe, (5) 
dt ly * 
(6) 
d® 
wer ij — - 
dt ly ° 
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FIG.2. Graphs of the dependence of the dynamic component 
of the motor current on the generator excitation flux for 
”. = 0 and >. = const 
a - for uniformly accelerated and uniformly 
retarded processes; 
b - for the optimum process 


The first quadrant corresponds to the acceleration stage 
up toy 


the second quadrant to the 


retardation 
stage from #0 


value of the generator excitation flux. 


For the circuit of the generator excitation winding we may write the 
equation: 


d® 
t 27,0, (9) 


where i_ andr 


are the excitation current and the resistance of the 
circuit of the generator excitation winding respectively; 2p 


and is 

the number of poles and number of turns of the excitation winding per 
pole of the generator. 


Substituting into formula (9) the values of the derivative of the 
flux from expressions (5) and (7), and also assuming that the generator 


magnetization curve is a straight line (i, r_ = E,W), we get for the 
cases discussed: 


| 4 
4 
a 
1% 
0 
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(a) for uniformly accelerated and uniformly retarded processes: 


E_, is the value of the exciter e.m.f corresponding to y, * 1; 
i,/T, the forcing factor is the mean 
value of the generator time constant 


In formulae (10) and (11) tern Ey B compensates the ohmic voltage 

drop in the circuit of the generator excitation winding; uE,, and 

EL xul- ¥, compensates the inductive voltage drop in the circuit of 1960 
the generator excitation winding. In an analogous way, a transition may 


be made to the e.m.f., and if necessary, the m.m.f. of the amplifier 


It is known that 


E 
it 


(E,+7, (13) 


a 


3 


where ME. and Rae the amplification factors; T, and 
los the time constants of the amplifier and exciter 


Substituting into formula (12) values EA. and dE dt, and after 
that E. and dE /dt, we find: 


(a) for uniformly accelerated and retarded processes: 
E, = ac), 


2d); 


(6) for the optimum process 
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L 


-3-3-°1 0 1 2 
b 


FIG.3. Characteristics of the optimum variation of the 
parameters of the system of generator excitation control. 


a - for uniformly accelerated and retarded 
processes, 


b - for the optimum process. 
Fi = 0.1 sec; Te, = 0.3 sec; T. = 2 sec; T = 0.07 sec; 
tp = as = 3 


4 
4 
4 


From an analysis of dependences of E,,, E, and F, ony, it follows 


that for uniformly accelerated and retarded processes the variation of 


these parameters within the interval 0 < v, 4 l 


$ is linear. Therefore, to 
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construct characteristics of E,,, E, and F, = f(¥,) corresponding to the 
above conditions, it is sufficient to do so for two values of the gener- 


ator excitation flux, namely for 0 and l. 


When the character of the transient processes is optimum Eo. E.. 
and F, = f(y) are non-linear functions. In this case the construction 
of characteristics requires calculation for several values of ¥, but 
values E, and F, corresponding to 0 and 1 are of partic- 
ular interest. 


The formulae derived above are approximate, since the possibility of 
an instantaneous variation of the parameters is assumed when WY = 0 and 
Ww. = 1. The error of the calculations will be maximum in the case when 
the derivative of the exciter e.m.f. has the opposite sign to that of 
the exciter e.m.f. itself. 


To verify and to make more accurate the results of calculations for 
the extreme cases discussed above, it is necessary to bear in mind that 
the modul of amplifier e.m.f. and m.m.f. at these points should not be 
made smaller than necessary to ensure the corresponding calculation of 


the value when /dt = 0, 
eZ ee 


(18) 


al’ 
-0 and 2g 


lop 
| log 0 and og 1 > | 


| (19) 


Graphs of E,., E, and F, = f(¥,), plotted for the values obtained 
from the above derived formulae and corrected for points Y, = 0 and 


v,* 1, are shown in Fig. 3. 


Determining a rational structure of a control system for the 
generator excitation flux 


The control of the electric drive is done, as a rule by acting on 
the input element of the system. In our case this element is an amplifier 
with a resultant m.m. f r. which, in a general case, is created by the 


action of n windings. 


The relationships (15) and (17) which establish a connexion between 
the value of the m.m.f. required, F,, and the generator excitation flux 
Ye enable us to devise an appropriate control system structure. 


1960 
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FIG.4. Circuit for generator excitation control 
ensuring the uniformly accelerated and uniformly 
retarded evolution of transient processes 


Thus, from formula (15) which corresponds to uniformly accelerated 
and retarded transient processes, it follows, that the m.m.f. F, consists 


of two components, one of which is proportional to ¥, whilst the other 
is independent of YW. but changes its sign in passing from one set of the 


operating conditions to another. 


Let us write equation (15) in this form: 
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Exciter| Exciter 


Amplifier Amplifier 


meet 


1960 


FIG.5. Contactless circuits for generator excitation 
control ensuring the evolution of a process according 
to the desired law 
a - for uniformly accelerated 
and retarded processes; 


b for the optimum process 


+F+F,. 


adF,, and F =F 


Consequently, to obtain the necessary character of variation of the 


! b in transient processes it 15 sufficient to devise a circuit in 


i 
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which one of the amplifier windings is connected to a voltage of a con- 
stant magnitude with a possibility of changing its polarity, and the 
other to a voltage proportional to y. The first of these windings 
induces an m.m.f. F, and the second F_.. Fig.4 shows a circuit satisfy- 
ing these conditions Fig.4 also shows the winding Fy which ensures the 
maintaining of the fixed voltage under steady-state conditions, and also 
the flexible inductive-ohmic bridge feedback connexions which are shown 
by dotted lines. The disadvantage of this circuit consists in the neces- 
sity of including much relay and contactor apparatus, which perform many 
closure operations and often have operating times comparable with times 


for the basic control processes 


Fig.5a shows an improved contactless method of control in which the 
above defects are removed. The limitation of the m.m.f. Fe is achieved 
by shunting the winding by a non-linear circuit with a comparison volt- 
age, this circuit having a characteristic similar to that of a stabil- 
ivolt The parameters of the system are so chosen that the m.m. f F_ acts 
only within the limits 0 < w < 1; under steady-state conditions F. 0 
The non-linear circuit shunting the amplifier winding can be control led 
In this case it is easy to realize various laws of variation for the 
m.m.f. F., including the law ensuring the optimum passage f transient 


proc esses 


The simplest circuit ensuring the control near to the optimum is 
shown in Fig 5b The character of variation of the m.n f F. in non 
steady state processes is determined by the circuit into which the ampli 
fier of the non-linear node, shunting the winding, is connected. Flexible 
connexions are not shown in Fig.5. In the lower part of Fig.5 the node 
characteristics corresponding to the circuits and the excitation char 
acteristics of the generators are shown, and these form the collection 
of characteristics U, = f(F,) and F, = f(U_); their intersections deter- 


mine the points of stable values of U, and F Such excitation character 


istics are called static characteristics (3 However. from the above 
discussion it follows that. with a new approach to the choice of the 
basi parameters of the system these characteristics should determine 


not only the statics but also the dynamics of the drive operation 


Basic relations for a system of excitation control 


for motors 


Just as for the analysis of converter control system we shall discuss 
the most complicated case - a system of motor excitation contro! with an 
exciter and amplifier, acting as a sub-exciter, and for an invariable 


voltage applied to the motor 


Control! systems for electric drive 


The dynamic component of the motor current for the control of the 
motor excitation flux can be approximately found by the formula 


d@, 
¥ sh a at 


where D., is the rated excitation flux of the motor. 


On the other hand a rational law of variation of the dynamic compo- 
nent of the armature current is determined by the static load torque, 
motor overload capacity and by other factors and can be expressed by a 
relation J = f(¢,). Therefore, if we take as a term of departure 
I = f(%,) and substitute it into formula (21) we can find the law of the 
optimum variation of the motor excitation flux as a function of the 
prevailing value of the flux 


3 3 
— a= 5 
a Ty!, Par Ty ar 


In many cases we can assume that the value of ] remains constant 
(1 = + 1), which greatly simplifies further calculations. Let us denote 


For the exciter e.m.f. the following expression is valid 
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dt ‘ 

and 

(23) 
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= + “4 


where tr. is the voltage drop in the motor excitation winding; 2p, and 


vw. is the number of poles and number of turns of the motor excitation 


winding per pole respectively 


Substituting the value dp. /dt and denoting 


Further consecutive solution gives: 


+ eb,9; ); (25) 


a 


FoF, [(1 + 30%e, = )]. (26) 


The positive sign corresponds to the amplifying state of the excit 


ation flux, the negative sign to the diminishing flux 


In these expression 


16] 
and 
60 on, 
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E E 


pemr’ Har and F,, as the rated values of the exciter and amplifier e.m. f. 
and the amplifier m.m.f. respectively. 

The characteristics of E,., E, and F, = f(y,), plotted in relative 
units are shown in Fig.6; in Fig.6a for T,, = 0.1 sec; in Fig.6b ~ for 


T.._ = 0.3 sec. 


en 


The initial forcing values of the amplifier e.m.f. and m.m.f. at 
points of discontinuity in the functions are found in the same way as in 


the case of generator excitation control 


The motor The motor 
excitation flux excitation flux 
decreasing increasing 


The motor The motor 
excitation flux excitation flux 
decreasing increasing 


-8 -é 


FIG.6. Characteristics of the optimum variation of 
the system parameters for motor excitation control 
a ~- when T_ = 0.1] sec; T.. ® 0.1 sec; 

a em 
Te = 3 sec; = Ty * 43; to = 0.1; 
6 - the same but when Son = 0.3 sec 


A — the motor excitation flux decreasing: 
B -— the motor excitation flux increasing 


Fig.7 shows a circuit which enables control processes to be obtained 
near to the optimum, (the flexible connexions are not shown). The shunt- 
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FIG.7. Contactless circuit for motor excitation 
control ensuring a process near to the optimum 


ing of the winding creating the m.m.f. F_ is done by a controlled non- 
linear circuit fed from a forming amplifier F A. Diode D, ensures a 
selective evolution of the processes of amplification and diminution of 
the motor excitation flux. In the lower part of Fig.7, characteristics 
of the motor excitation are shown. 


The non-linear shape of characteristic F, = f(i,,) is obtained by a 
choice of an appropriate amplifier or by inserting into the circuit F), 


a non-linear resistance. 


Taking into account flexible feedbacks 


We derived above the formulae for determining the relationships 


between the resultant amplifier m.m.f. and the prevailing value of the 
parameter to be controlled — viz, the generator or motor excitation flux 
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a 


F_ f(?,) and = f(%,) 


Moreover, we showed the method of devising control systems by means 
of which the necessary law of variation F, = f(,) and F_ = f(9%,) should 
be obtained 


However, we neglected the action of the flexible feedbacks, which 
can result in deviation of the control process from that desired. The 
action of flexible feedbacks can be taken into account in the case when 
the input element of the differentiating device 1s a continuous function, 
whilst the transfer function of the differentiating device gives a clean 
derivative. A clean derivative is given by inductive-ohmic differentiat- 
ing bridge circuits, in which one arm 1s the excitation winding of a 
machine (of an exciter, generator and motor), [2]. Fig.4 shows an example 
of devising such a feedback. The m.m.f. of the amplifier windings, con- 
nected to the output of differentiating circuits in systems of the gener- 
ator and motor excitation control, can be determined by the following 


formulae 


Flexible feedback by the generator exciter e.m.f 


feg feg dt 


F 
Flexible feedback by the generator e.m.f. (flux p,) 


, 
fg fe at 


Flexible feedback by the generator exciter e.m.f 


Flexible feedback by the motor 


In this case 


lagleg 


‘iag*eg 


tg 
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and with an analogous notation 


en. 


om ‘iam 


Pe r>.. number of turns and 
2ag Tian’ "2am 


"lag? “2ag’ “lam’ “2a 
gs Se the generator and motor amplifiers 


resistances of the 


respectively. 
and of 


Substituting the values of derivatives of the exciter e.m. f. 
and @, we get for the cases considered: 


the excitation fluxes ?, 


(a) for uniformly accelerated and retarded processes: 


Kreg — 


(6) for the optimal process 


In the system of the generator excitation control 


165 
| ean! 
where 
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ar 
‘a ls 


k and ky 


teal fea 


In these formulae the upper signs correspond to the stage of acceler 


ation of the motor and of the increasing flux of the motor exciter; 


Lower signs -— to the stage of retardation and decreasing flux 


Formulae (3])-(36) are deduced for absolute values of the m.m.f 
the case of transition to relative units, factors Rie 


should be divided by Fon 


The flexible negative feedbacks retard the evolution of transient 
Therefore in order to preserve the lesired character ol the 
feedback should be 


pro esses 
cont ro! processes the dany ing action ol! fiexil le 
m. { if other windings. In examining 


compensated by components of the 
formulae (31) and (32) we see that for systems ensuring uniformly 
adiust the m.m.f. of 


act el 


erated and retarded processes it 1s sufficient to 


the supply winding by the m.m.f. F, 


In more complicated cases of non-linear control, a graphic construc 


tion is advisable. We have to construct a grap! ‘ fiw) of the optimum 


variation of the amplifier m.m.f. and add to it the calculated character 


istic of the flexible feedback m.m.! The graph so obtained represents 
the total m.m.f. created by the supply winding and by the rigid feedback 


windings. from which the flexible feedback m.n | to be subtracted 


during the evolution of the control processes 
In calculating the m.m.f. F and F for the flexible feedback 
fea 


proportional to the rate of change 
m.f. of amplifiers vary instantaneously. Under real 


of the amy lifier voltage, it was 


assumed that the e 
conditions this variation takes place during a definite lapse of time 

for a relatively high value of the derivative of the exciter e.n f. Due 
to this the above mentioned flexible feedback will exert a quite apprec- 


iable damping action which we neglected in our calculations. In order to 


avoid a delay in the excitation process during the initial stage of the 


control processes it is desirable to give an additional short duration 


forcing on the top of that calculated; this can be obtained by shunting 


the resistence in the circuit of the winding of the m.m.f F. or F. with 
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a capacitance 


By this method it is also possible to take into account the influence 
of the intermediate feedbacks, and, in the case of a relatively small 
static resistance torque, the influence of the current feedback as well 


The method discussed for constructing excitation characteristics 
‘static 


establishes the relation between the dynamic processes and the ‘ 


characteristics”, described in many sources, including [3] 


In calculating E, and F, = f(y) we also find data which enable us to 
formulate the basic requirements which exciters and amplifiers should 


satisfy and also to determine their basic parameters 


The method discussed for an approximate calculation can also be used 
in the case of systems of ionic excitation and ionic drive for a limited 


control angle @ * 77/: 1. when the rec tified voltage 


when F_ is the total m.m.f. of the input amplifier; k =AU,/OE, is the 
total amplification factor of the controlled rectifier 


In the ionic excitation system instead of a dynamoelectric exciter an 
ionic exciter is used and instead of a dynamoelectric amplifier - a mag- 


netic or electronic amplifier 


In a system of ionic drive an ionic converter with a phase shifter 
takes the place of a generator at the input. A summing amplifier feeding 
the control windings of the phase shifter in such systems plays the role 
of an exciter. A phase regulator time constant is introduced in place of 


the generator time constant 


In the case of low inertia apparatus for control of ionic exciters 
and ionic converters a simpler method of calculation is recommended suit- 
able for introducing a calculated equivalent time constant, which enables 
us to take into account the influence of the flexible feedback according 


to the parameter to be controlled 


In the presence of ionic excitation the flexible feedback m.m.f. can 


be determined in the general case by the formula: 


d® 
= 
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For an ionic electric drive 


In these formulae: 


> 1s the excitation flux of a generator or motor; 
U, is the voltage of an ionic converter; 


u, = U,/Uy, is the converter voltage in relative units. 


For a system of ionic excitation the following expression is valid: 


Substituting into equation (40) the value of Fy, we get: 


d® 
|. (41) 


For an ionic drive we have in an analogous way: 


du, 
[uy + (bys 


where F_, is the amplifier m.m.f. after subtraction of F eg: 


Taking into consideration the value of dg/dt obtained previously and 


the accepted notation we get: 


(a) for uniformly accelerated and retarded processes: 


EL.T. 2/60 Bt 


i, 


az 


or, denoting 


= T,,,an4 (7, + T 41) = 4,,, 
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For a system of the motor axcitation control 


=k, 


Considering systems of an ionic electric drive, we denote: 


On the basis of (3) 


dug J 1 


dt 


Then, for uniformly accelerated and retarded processes we have 


and for the optimum process 


F =F, (u,-aY1—u,), 


az 


where © eS Ty) is the factor of forcing 


T,. 18 the equivalent time constant of an ionic converter 

To illustrate the efficiency of the method discussed Fig.8 shows an 
oscillogram of the basic control processes of a laboratory model of an 
ionic drive of 35 kW power, which is connected according to a circuit 
diagram of the same type as the circuit shown in Fig.Sa. The negative 
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flexible feedback in the circuit is obtained by means of capacitive- 
ohmic circuit in which the m.m.f. F,, is induced w ith a certain delay. 
To correct a distortion due to the action of this flexible feedback in 


comparison with that calculated, a choke is connected into the circuit 
of the m.m.f. F. which attenuates the disturbance during the time-lag in 


the action of the flexible feedback, this time lag being due to the 


presence of the time constant in the capacitive-ohmic circuit. It can be 


shown that in this case the time constant of the m.m.f. winding F, 
should be equal to the time constant of the capacitive-ohmic circuit. 
Examining the oscillogram we can see the high quality of the system. An 


accurate coincidence of the calculated data with those obtained experi- 


mentally was achieved 


The methods of determining the optimum parameters and control system 
structure which have been discussed in this article enable us to solve 
the basic problems of contactless or “few-contact” control of a whole 
range of electric drives of various powers for different purposes, 
including the main electric drives for reversible rolling mills and 
their auxiliary mechanisms, including follow-up drives with the programme 
control. Here universal systems and apparatus suitable for control of 


dvnamoelectric and ionic converters and exciters have been successfully 


designed, (4). 


Translated by S. Szymanski 
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GALVANOMAGNETIC PIRECTIONAL RELAYS* 
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Institute of Electrical Technology. Ukr.S.S.R 


Academy of Sciences 


(Received 23 September 1958) 

The use of semiconductors opened up new possibilities of increasing the 1960 
working speed, of lessening the power consumption and of reducing the 
dimensions of complex protection relays, (1 However, until very 
recently, only the rectifier and amplifying properties of semiconductor 
diodes and triodes were used for this purpose llowever, modern semi 
conductors also have other properties, and the expediency of using these 


in protection relays should be studied 


We have already reviewed the possibility of creating protective 
relays based on the Hall effect, [2]. In our present work we will explain 
the possibi lity and the effectiveness of creating a direct ional relay 
with distance characteristics on the basis of another gal vanomagneti¢ 
phenomenon - the relation of the resistance of a semiconductor to the 


induction of the magnetic field 
Galvanomagnetic (magneto-resistive) device 


The increase in the resistance of a semiconductor under the influ 
ence of the magnetic field is in direct relationship to the mobility of 


the electrons, and depends « losely on the geometric form of the device 


From the number of known semiconductors with the greatest electron 


mobility, and consequently the greatest multiplicity in the increase of 
fluence of the magnetic field, indium antimonide 


resistance under the i: 
t? 
(InSb) is outstanding 


* Elektrichestvo No.4, 38-43, 1959 

t This phenomenon 1s sometimes termed “‘magneto-resistive effect” or “Gauss 
effect” 
We are informed that when commercial production of this semiconductor has 


been arranged it will be adequately available 


| 
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The optimum form of the device is the so-called ‘Corbino disk”, 1.e. 
the thin disk of a semiconductor with a good conducting metal rim and 
with electrodes soldered to the rim and to the centre of the disk. The 
disk is placed in the plane perpendicular to the direction of the mag- 
netic field. By analogy, it can be shown (as in a work devoted to the 
Hall effect), that for the best use of the power supplied to the device, 
the size of the disk and the clearance of the magnetic circuit in which 
it is placed should be as small as possible, and the ratio of the diam- 
eter of the disk to its thickness as great as possible. The magnitude of 
this ratio is limited only by conditions of the technology of manufact- 
uring the disks with the extreme brittleness of indium antimonide. 


In view of the very low specific resistance of this material, it 
should be ensured that the soldering of the electrodes is of a high 
quality. The length of the supply leads should be as short as possible 


and their cross-section should not be very small. 


On completion of the laboratory models of devices described below, 
disks of indium antimonide*, 4.3 mm in dia. and 0.5 mm thick, were first 
of all subjected to corrosion in a special composition, type SR-4 (a 
mixture of hydrofluoric, acetic and nitric acid) and their circumferences 
covered with a thin layer of tin solder. To prevent eddy-currents in the 
rims thus produced a slit was made. Copper leads 0.3-0.6 mm in dia 
were soldered at several points of the rim and in the centre of the disk 
with the same solder. The finished disk with outlets was fixed on a thin 
mica splitting. To increase the mechanical strength and single structure 
character of the device in the future it is expedient to face it with 


epoxide resin, which is known to possess a number of advantages [3 


In Fig.1 are shown the graphs of the change in the relative resist- 
ance of a disk with outlets placed in a constant, approximately umiform, 
magnetic field obtained as the result of experiments on several models. 
The original resistance of the models at + 20°C was 0.08-0.2 9; at - 20°C 
it increased approximately by 45 per cent, and at + 60°C. decreased by 
10-15 per cent. The measuring of the inductance was undertaken with the 
help of a specially calibrated Hall device. The divergence of curves 1 
and 2 is explained by the different quality of the semiconductor models 


and the variations in technique of making the individual models. 


If an alternating voltage is fed to the exciting coil of the device 


* Indium antimonide with required parameters was submitted by the Baikov Insti 
tute of Metallurgy of the Academy of Sciences of the U.5.5.R Valuable consult 
ations on the manufacture of the devices were obtained at the Institute of 
semiconductors (V.P. Zhuze) and at the Physico-Technical Institute (V.V. Golo- 
vanov and others) of the Academy of Sciences of the U.S.S.R 
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FIG. 1. Comparative resistance of a galvanomagnetic device in 


relation to magnetic inductance 


1.2 = extreme curves obtained as result of experiments on 


certain models at temperature of * 20 UC; 3 - curve obtained 
from same mode! as curve ! but with temperature at * 60 ( 


4 - the same, with temperature at ~ 20 ( 


through a rectifier diode, then in the course of half of each period the 
resistance of the disk will change from minimum to maximum and back 
again. Use is also made of this change of resistance in the installations 


described be low 


Phase-sensitive system 


The basic element of developed galvanomagnetic relays 1s the two 


period phase-sensitive system the possible variants of which are shown 


in Fig.2 


In variants I and II] the winding of an output relay (a polarized or 
magneto-electric, or a magnetic amplifier) was divided into two ident 
ical sections. the current of which was commutated by two devices res 


pectively. In variant III the winding is a single section. In all three 
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FIG.2. Variants of the phase-sensitive scheme 


= exciting system; 2 gal vanomagneti< 
device; 3 = intermediate transformer or 
transreactor; 4 = output-relay winding 


variants the circuits of the devices are fed from an intermediate trans- 
former or transreactor, and the exciting circuit is supplied from the 


source of the alternating-current through crystal diodes 


The greatest constant component of the m.m.f. in an output relay 
winding occurs when the currents in the exciting system and in the sec 
ondary winding of the intermediary transformer (transreactor) are in 
phase. If the displacement between these currents equals + 90° the speci- 


fied constant component equals zero 


Phase-sensitive systems as shown in Fig.2 have the following advant 


ages compared with known systems for the same purpose built on diodes and 


triodes: 


1. The absence of a constant unbalance current component in the wind- 


ing of the output relay, regardless of the presence of excitation voltage 
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and the dissimilarity of the resistances in the arms of the system 


2. No need to co-ordinate the parameters of the exciting circuit and 


the circuit feeding the devices inasmuch as these two circuits are not 


electrically connected to each other 


3. The insignificant influence of fluctuations in temperature upon 


relay performance (see below) 


4. The simplicity of the system 


listed are also known to be characteristic of a mech- 


The advantages 
but the systems shown in Fig.3 are free from the basic 


anical rectifier 
defect of the rectifiers we have indicated - the presence of contacts 


A comparison of the variants of the phase-sensitive system showed 


that variant III, which is considered below, is the optimum in terms of 


output efficiency 


the instantaneous value of the current on the second- 
ary winding of the intermediate transformer is 2u,; the impedance in each 


arm of the system in the absence of a magnetic field is (B = 0)rp; in the 


presence of a magnetic field (B ¥ 0)r; the impedance of the output relay 
= the 


is r_ the corresponding relative quantities r/ry * R and r,/"o . 


angle between the current and the voltage supplied to the protection 
5. Then the instantaneous 


Let us specify: 


relay = @.; the angle of maximum sensitivity 1s 


current in the output relay 1s: 
i == (1) 
output 


For simplicity, we ignore here the influence of inductance in the 


relay winding 


Let us assume that u, and B change according to the sine rule: 


u, 2U, sin [ot —*)], (la) 
B= B, sin ot. 


Assuming also that the increment in relative impedance in the arms of 
the system is in proportion to the square of the inductance: 


= K (B,sin ot)’, (1b) 


where K is the constant coefficient. 


eee 
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FIG.3. Curve of conventional rectification 


factor F(B,). 


Taking into account that the impedances r, and r in the arms of the 
system change place every half-period we can express the current 1, in 
the following way: 


V2u, |sin wi} sin wf 
+!) 


sin? ut + 
\ a 


sin [of > — %)], 


2k, +1 
V 


Constant component of current 


Un F(B cos — 


const fo (Rp +1) 
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where 


A\2 
sin* wf + (z-) 


Having solved the integral which appeared in the last equation we find: 


2+(g-) 1960 


It should be noted that in accordance with the generally accepted 
definition of the rectification factor* the parameter F(B,) represents 
the conventional rectification factor of a system where d, = o, with 
ideal rectification (R = ©), since under these conditions the effective 


supply current would equal U)/r)(R, + 1), i.e. the constant multipler of 
equation (3) 


In a particular case where the induction is very small we have direct 
from equation 4: 


F(B,)= 


3n f 


and consequently, according to formula (3) 


wet. 
‘output const (2k, + 1) 


(6) 


If the induction is great (B./A*» 1) then, from formla (5): 


F(B,)= 


* The rectification factor is defined as the ratio of the average value of the 
current at the output to the effective value of the alternating current at 
the input. 
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and consequent ly, 


0.9U, 
output const = fo (R, + 1) cos a), 


i.e. the current does not depend on inductance. 


To illustrate the character of the relation of the output current to 
inductance, the curve of the conventional rectification factor F(B,) 
according to formula (5) is shown in Fig.3. The experimentally obtained 


= f(B_) with the given constants U_, r_, r., corres- 
m n 


functions 
oO 


const. 
pond approximately to this curve. 


The torque of the output relay = M, = mit, ooo 
To obtain greatest efficiency at the output of the system 
9 
(P, = uF r,) we should assume, in accordance with formula (6), that 
b b const. 

R= 0.5, and, in accordance with formula (7), that R, = 1. Considering 
that slight divergences from the optimum value of the resistance of an 
output relay have little influence upon sensitivity we can assume that 
in all cases R, = 0.5-1 


For both arms of the excitation circuit in a phase-sensitive system 
one general ||l-shaped charged magnetic circuit of E-42 steel is used. In 
the middle of the extreme cores of the magnetic circuit on which both 


coils of the exciting system are placed, are gaps 1.2 mm in size. 


In the middle washer and bush in the body of each coil opposite the 
magnetic circuit gap, grooves are cut, forming, together with the air- 
gap, a cavity in which the galvanomagnetic device is laid 


When the exciting system is achieved in this way, with a given con- 
sumption for the coil, the greatest inductance occurs in the clearances. 
Both arms of the exciting system operate independently of each other, as 


if they were set on separate cores. 


The exciting circuits are fed through germanium diodes, such as the 


DG-TS 24. 


A polarized relay, type RP, with a contact clearance of 0.3-0.4 mm is 
used for the output. The impedance of the relay coil equals approximately 
0.07 2, and its consumption during operation equals 0.3-0.5 mm. 


The alternating current component of the coil causes almost no vibra- 
tion in a moving relay system working at high speed (0.01-0.02 sec) in a 
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given circuit 
Power directional relays 


The diagram of a single-phase power directional relay is given in 
Fig.4. The excitation system of a phase-sensitive scheme is connected in 
the voltage circuit in series with the capacitance C,, and the primary 
winding of the transreactor is corrected in the current circuit. The 
capacitance C, is tuned in resonance with the inductance of the exciting 
coils and serves to prevent irregular operation of the relay during 
transient processes in the voltage circuit, and also to ensure its oper- 
ation during short-circuiting in the dead zone according to voltage, 
[4-7]. The supplementary winding of the transreactor is connected with 
the capacitance C,, which provides the required angle of maximum relay 
sensitivity, ©. Angle © decreases when C, increases 

In accordance with formulae (3), (6), and (7), current t . 14) and 
the torque of the relay are proportional to cos (¢, - 5). With a small 
mechanical moment of friction in a moving system the relay torque during 


operation 158 


— ie 2)— 
= cos — 0 


and the relay rating is seen as 


To increase the output P,, i.e. to heighten the sensitivity of the 
relay, the exciting system should be made as far as possible with a large 
air-gap, |., and a high ratio of overall section of copper to average 
length of turn, Q./l.. With a given copper volume and section of core the 
ratio indicated increases with an increase in the ratio of the length of 
the coil to its width. In practice the increase of the output P, with a 
given consumption is limited only by the permissible dimensions of a 


relay 


In Fig.5 is shown the relay-sensitivity graph, the constructive 
specifications and technical data of which were given in Fig.4. The char- 
acteristics of the impedance of the devices are approximately in the 
centre between curves (1) and (2) (Fig.l) (rg =0.1 and * 0.07 $2) 


As can be seen from Fig 5, the relay has a certain minimum limit to 
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FIG.4. Scheme of a single-phase power directional relay. 
Dotted lines indicate circuit which must be added to the 
scheme to obtain a directional impedance relay. 

1 - exciting system with magnetic circuit and coils of 
the construction described above (in each coil, 10,000 
turns for a conductor of 0.19 mm 4); 2 - germanium di- 
odes, type DG - TS24 (two diodes are connected in series 
in each arm); 3 - condensor with capacitance C, - 1.75 
uF; 4 - transreactor with magnetic circuit of E —- 42 
steel (stamp SH-19, width of packet 10 mm, gap on middle 
cove 0.5 mm, winding on middle cove Ny has seven turns 
for conductor of 1.81 mm ¢, N, - 2.10 turns for a _ con- 
ductor of the same diameter, N. - 10,000 turns for con- 
ductor, diameter 0.09 mm); 5 - galvanomagnetic device; 
6 - condensor with capacitance C, 8 0.25 uF; 7 - polar- 
ized relay, type RP (relay winding has 90 turns for con- 
ductor with a dia. of 1.21 m) 


BL.T. 2/68 Cc 


operating power according to current (P, min = 0.08 VA), which does 
not alter with an increase in the output P. With a definite winding in 


the transreactor, the minimum operating current lp “ corresponds to 
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FIG.5. Sensitivity curve for a power directional relay 
Ll = with smooth increase 
of current; 


2 - with sudden increase 


the output, P, eis 


With protracted flow of relatively high currents J, the output P, 
decreases as a result of the heating of the indium antimonide and the 
decrease in the impedance R. In connexion with this, the sensitivity 
curve (Fig.5) has two branches in the lower half: - one of which relates 
to a slow increase in current before the operation of the relay, and the 
other to a sharp increase 


On a certain scale the graph shown in Fig.5 represents the volt- 
ampere characteristic of the relay 


Taking into consideration the presence of a contour of inertia, let 


us assume the relay voltage sensitivity (when ] = 4] ), to be 
op op min 


equal to 0.12 U,... Let us also assume that the current rating of the 


relay is as follows: 
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As can be seen from the sensitivity curve, when the current 
= Slog the voltage sensitivity >=0.075 In the latter case 
the induction in the air-gap of the exciting system gives us B, > 1600 G, 
coefficient K approximating to the impedance curve (Fig.1) and equal 
approximately to 1.2 x10 Consequently, when = 0.7 the parameter A, 
in accordance with formula (2), will equal 3400. Then the ratio B/A = 
0.47 and the conventional rectification factor (Fig.3) F(B,) = 0.11. 
These values correspond to the winding data of the coils shown in Fig. 4, 
to the capacitance of the capacitors and to the other parameters. The 
is taken as equal to 100 V; the rated 


nom 
current J, 3 = SA; the internal angle 5 = 45°. 


rated voltage of the relay U_ 


Relay consumption with rated voltage and current 1s: 


P = 13 VA; P, nom 0-3VA. 


Unom 
It follows from what has been said that power consumption of the 
circuits in the system considered (Fig.4) is fairly small. The sensitiv- 
ity of a relay with this system is approximately equal to the sensitiv- 
ity of a relay based on the Hall effect, as is shown by comparative cal- 
culations. When switching on the relay to full voltage and current, the 
given sensitivity may be considered as adequate. But when connecting to 
symmetrical component filters an amplification of the power output in a 
phase-sensitive scheme is required. With chosen parameters, the relay 
freely sustains a current twenty times greater than rated for several 


seconds 


Fig.6 shows the angular characteristics, as obtained by experiments, 
of a power directional relay for the voltage U_ = 50 - 100 V (in prac- 
tice the curves coincide) and U_ = 12 V. The effectiveness of the inertia 
contour used in the scheme depends on the time constant of the voltage 
cireuit T) = 2Ly/ry, which in this case is about 0.02 sec. In all the 
tests, where the current I. (previously U, = 0.5 Uno,) was switched on 
simultaneously with the stunting of the voltage circuit, the relay 
clearly chose direction. The operating time of a power directional relay 
depends in practice only on the time for the action of the output relay 


The characteristics of a power relay depend on fluctuations in the 
surrounding temperature. These relationships are determined as a func- 
tion of the temperature of the capacitance of the condensers and the 
resistance of the indium antimonide and windings. Consequently, conden- 
sers of sufficiently stable capacitance should be used. As regards the 
changes in resistance of indium antimonide, depending on temperature, 
these mainly influence relay sensitivity. Tests with models of relays 
with KBG capacitors showed that with changes in temperature from - 20 to 
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FIG.6. Angular characteristics of a 
power directional relay 


+ 60°C the angular characteristic of the relay is displaced by 6-8°, but 
the relay sensitivity when Ll = 4] changes from 10 to 13V. 
, op op min 
On the basis of the scheme shown in Fig.4 it is easy to make two 
and three-phase power directional relays 


Principle aspects of impedance relays 


We shall examine a few of the main possibilities of constructing 
these relays. 


A directional impedance relay with a characteristic curve in the 
form of a circle passing through the origin differs from the single- 
phase power relay in question only by the presence in the transreactor 
of an additional brake winding which is connected in the voltage circuit, 
(Fig.4, dotted lines). The impedance r, serves to regulate the setting 
for operation. The characteristic of such a relay is defined by the 
equation: 


M,, = ml, cos — %)—anU,, = 0, 


184 
| | 
| 
| 
| | | | 
| | 
| | lu=2v | | | 
4 
| | q 
| 
= 
| | 
i 
-160 

(8) 


50 


EL.T. 2/60 C+ 


Galvanomagnetic directional relays 


FIG.7. Scheme for a mixed impedance relay. 


m 
= Cos — 


The inertia contour in the relay in question does not retard oper- 
ation, as happens in known relays operating on rectified currents. 


If we add yet another winding in the output relay, which can be cor- 
rected in the current circuit, we have a relay with a displaced charac- 


teristic curve in the form of a circle which does not pass through the 
origin: 


Mop = cos (Pop — nu, pl, = 0, 
cos (~,,— 8) + (9) 


In the case of an impedance relay with a characteristic in the form 
of a straight line which does not pass through the origin (a mixed 
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impedance relay), the voltage U, is fed to the circuit supplying the 
device, and the current I, (Fig.7) to the excitation circuit. So as to 
be able to regulate angle ®, an active resistance, r, is connected in 


parallel with the exciting winding. A supplementary resistance, r,, is 
included in the current circuit. The resistance r, serves to regulate 
the setting of the relay 


The relay torque in operation is 


(10) 
From the expression for the torque we obtain the simple equation: 


n 

4 

Z )=-. 

The inertia contour in the voltage circuit (r,, C, and Ly), 18 pro- 
duced analalogously to the contour which can be used in detector imped 


ance relays, [6)}. 


It is only possible to obtain sufficiently accurate impedance relays 
when a significantly higher sensitivity than the sensitivity of a power 
directional relay is guaranteed. This requires an increase in output 
power in a phase sensitive scheme. This question needs to be studied on 


its own. 
Conclusion 


By making use of the effect of the relation of semiconductor resist- 
ance to magnetic induction we can construct sufficiently simple direct- 
ional relays with distance characteristics. Compared with electro-mech- 
anical relays they have considerably lower consumption in the current 
circuit, smaller dimensions and a higher operating speed. In a number of 
cases they will have advantages over relays based on semiconductor diodes 
and triodes as well as on the principle of the Hall effect. 


Tests, the results of which have been given in the present article, 
are the first step, and should be continued with a view to the further 
precision and improvement of galvanomagnetic relay parameters and the 
investigation of their possible sphere of application. 


= mU x< 
X cos 8) — 
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All the tests described in the present article were carried out by 
A.V. Ostrovskii, and the experimental models of the devices and relays 
were made by M.Z. Levikov. 


Translated by Gwynn 
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ASYMMETRICAL GRID CONTROL FOR IONIC RECTIFIERS* 
DOLBNIA 
(Received 13 October 1958) 


Many schemes are known for improving the power factor of rectifying 
equipment with grid control [1], and in particular asymmetrical grid- 
control schemes [2) which permit the power factor of a controlled ionic 
rectifying set to be substantially increased by throughly regulating its 
output voltage. The essence of the method lies in the fact that angles 
of valve ignition do not remain constant but alter during different 
periods of conbustion in each valve according to a fixed recurring cycle 
Here the number of phases, n, covered in a full cycle of the change in 
the angle of ignition, should not coincide with the number of phases, a, 
of the rectifier, nor have a common denominator with it. When this last 
condition is observed all phases of the rectifier during work are evenly 


] oaded 


The number n. determining the order of control, will in the follow- 


ing be termed the control factor 
g 


It is known from (3) that with asymmetrical control the greater the 


value of the contro! factor the higher the coefficient of shift or dis 


placement of the basic harmonic of current in relation to voltage 


However, with an increase of n in the curves of the rectified volt- 
age and in the primary current of a single rectifier, harmonic compon 
ents appear with a frequency n times smaller than with normal symmet- 
rical control, as a result of which the general power factor of the 
system deteriorates and the necessity arises of more powerful smoothing 


choking coils in ad.c. circuit 


Harmonic components of lower frequencies are removed by the parallel 
connexion of a few single rectifiers which can be controlled according 
to one law, but with displacement at the time of the beginning of the 
cycle of change in the angle of ignition [3]. The complete removal of 
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FIG.1. 6-valve rectifier when n = 2 


a — scheme of rectifier; 6 — rectified voltage and 
current of one unit of rectifier; c -— re tified 
voltage and current of second part of rectifier; 
d = total rectified voltage; ¢- voltage on divid 
ing coil; f = primary phase voltage and primary 
current; g - oscillograms of primary phase voltage 
and primary current 
T — transformer; V1 and V2 - valves; DC - dividing 
coil; CC = choking coil 


frequencies is obtained when the number of rectifiers 


lower harmonic 
Such units may be 


working in parallel is equal to the control factor 
constructed with a single rectifying transformer which either has 


secondary windings divided into n parts or is connected in phase to one 


secondary winding through n valves. The separate parts or units of a 


rectifier formed in such a way are connected to each other by dividing 


coils to equalize the voltages of phases operating simultaneously but 


with different control 


One of the variants of the scheme of a rectifier working in an asym- 


metrical-control system where n = 2, is shown in Fig.1. As is seen from 


the curve of the total rectified voltage (Fig.ld), its pulsations are of 


the same frequency as with usual symmetrical control, but the dividing 


coil must be computed on a frequency of f = 50 mn * 75 G 


Even greater smoothing of the rectified voltage curve is obtained by 


4 6 b q 
| r 
r 
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/ 4, / 
= 
g 


Asyemetrical grid control for ionic rectifiers 


1960 


FIG.2. Twelwe vwalwe rectifier when n * 2 


a - scheme of rectifier; 6 = rectified voltage of 

one part of the rectifier; ¢ - rectified voltage 

of second unit of rectifier; d =- total rectified 

voltage: ¢ - voltage on dividing coil on one part 

of the rectifier; f = voltage on general dividing 
coil 


using two rectifiers operating according to the scheme in Fig. la, with 
anode voltages displaced by 180 electric degrees in relation to each 
other and connected to each other by a dividing coil. Such a scheme and 
its diagrams are given in Fig.2. Despite some complication in the recti- 
fying transformer the scheme ensures a substantial improvement in the 
power factor. The typical output of a transformer of such design does 
not increase but the introduction of a supplementary dividing coil com- 
pensates to a considerable degree for the reduction in calculated output 


from the smoothing choking coil 


In studies devoted to the theory of asymmetrical control (3, 4) the 
main point investigated is the change in the coeff. of shift, and no 
consideration at all is given to the distortion factor v, which is the 
most important component of the power factor, which as 1s known (1) is 


equal to: 


cos? = ¥ cos 4. (1) 


In practice, with normal symmetrical control and ideal smoothing, 
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the distortion factor in the regulating process remains constant [5] and 
is therefore considered a constant. With asymmetrical control of a 
single rectifier, lower harmonic components of voltage occur after the 
commencement of regulation, the value of which changes in the process of 
regulation. Consequently the distortion factor in the process of regul- 


ation, v = f(a), changes also 


It can be shown that the scheme for asymmetrical control of a single 
rectifier has no advantages over the usual scheme with symmetrical con- 
trol from the point of view of increasing the power factor. Proof of 
this is given below for an optimum three-phase rectifier with infinitely 
high smoothing inductance and with the transformer-windings connected in 
the star — zigzag system. The rectified current during the process of 


regulation is assumed to be constant or direct as is usually supposed 


when analysing the performance of rectifiers, [3, 4] 


Assuming the number of turns of all the transformer-windings to be 
identical and considering the equilibrium of the ampere-turns in two 
closed contours of the magnetic circuit, we obtain the known formula for 


each of the primary currents (cf. Fig. 3a): 
(2) 


From equation 2 can be drawn the graph of the primary current of any 


of the phases according to the current on each anode. In Fig.3e¢ is shown 
the change in the primary current t, when n = 2 and the change in the 
angle of ignition from 7/6 to 7/2, whereupon the angle of ignition a, 
here being calculated from the origin of the positive half-wave of a 


given phase 


It will be seen from Fig.3e that the primary current has a period 27 
until the commencement of regulation (this current is shown by the dotted 
line); during regulation, the period of the primary circuit equals 47; 
i.e. an general, the period increases n times. The curve of the primary 
current consists of n secondary currents. These three stipulations are 


correct for any range of variation of angle a 


It follows from the last stipulation that the effective value of the 
primary current with any n in an a-phase rectifying unit remains con- 
stant for all ranges of regulation in the presence of a fixed value of 
the rectified current and optimum smoothing and is equal to 


Ve 
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FIG.3. Control of single three phase rectifier 
when n = 2 


@ = current in windings of transformer; 6 - vector 
diagram of emf of transformer; ¢ - rectified 
voltage; d - rectified current; ¢ - primary phase 
voltage and primary current; f - oscillograms of 
the primary phase voltage and primary current 


The power factor of such a rectifying set may be found as the ratio 
of useful output of the set to the power taken from the system. The full 
power output of a rectifier in a d.c. circuit, without considering the 
drop in voltage in the valve, equals the product of the average value of 


voltage U_ and current (1): 


The apparent power required by the rectifier is: 
(5) 


Considering that for the observed scheme of a transformer, the line 
voltage of the primary winding equals the voltage in phase of the second- 
ary winding, with the transformation ratio as assumed above, and substi- 
tuting also U, = 2nl/_/346, which is correct for a three-phase rectifier, 


we finally obtain: 
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ay U, (6) 


2 
Uno 


Inasmuch as it is assumed that = = const., and it has been shown 
above that with any n the current 7] maintains a constant value during 
the process of regulation, the power factor is proportional to the cor- 
responding rectified voltage 7 = U_/U_), which is referred to in future 
as the degree of control: 


cos ¢ = Kx. (7) 


Consequently, the power factor in a single ideal rectifier with 
asymmetrical control is in proportion to the degree of control, and pos- 
sible improvement in the coefficient of shift, obtainable with asymmet- 
rical control, must always be compensated by a corresponding deterior- 
ation in the distortion factor, and the assertion maintained in [3, 4) 
that the power factor of a rectifier with asymmetrical control is deter- 
mined on the basis of its coefficient of shift, is untrue. 


To study the performance of a rectifier with asymmetrical control, 
taking into account the change in the distortion factor, we shall analyse 
the shape of the curve of the primary current 


As can be seen from Fig.3e, the curve of the primary current is a 
lumped continuous function satisfying the Dirikhl conditions and thus it 
is easy to expand it into a trigonometrical sequence. Using the known 
formulae for the coefficients of the sequence we obtain the following 
formula for the current: 


i, = I, aon sin 


It is known that the active output may be transmitted only when the 
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frequency and phase of the harmonic of the current correspond to the 
frequency and phase of the voltage of the supplying circuit, provided 
that the supply voltage is sinusoidal. The displacement of this basic 


harmonic of the current in relation to the supply voltage leads to the 
emergence of the reactive power of the displacement The cosine of the 
angle of displacement © may be determined from the equations: 


Assuming k = 2, we obtain 


cos 8, V (10) 


The reactive power of the distortion 1s characterized by the distor- 
tion factor, which is defined as the ratio of the effective value of the 
basic harmonic of the current to its effective value. When m = 3 and 


k = 2: 
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» power factor is 
3V3 12) 
cos =¥cos 0, = cos (3 


Since the degree of control in a three-phase rectifier with asym- 
metrical control when n = 2 and @ varies from 7/6 to 7/2 equals: 


from equations (12) and (13) we obtain: 


(14) 


cos — on 


whence it follows that in this case the improvement in the power factor 


has been completely eliminated 


B 
cos 6, = (9) 

3) 3 1 + cos (: =) 
(13) 
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In Fig.3f are shown the oscillograms of the primary voltage and 
primary current obtained by investigating the performance of a single 
three-phase rectifier with asymmetrical control, and these coincide 
entirely with the corresponding theoretical curves (Fig.3e) thus support- 
ing the accuracy of our deductions 


It follows from the above that an increase in the power factor of a 
rectifier with asymmetrical control is only possible with the simultan- 
eous improvement in its distortion factor, as happens in the case of 
single rectifiers working in parallel. Thus two rectifiers working in 
parallel (Fig.la) are essential for control when n = 2, but four when 


n= 4. 


It will be seen from Fig.1f that the primary current in a double 
rectifier scheme is accumulated from the valve currents of phases work- 
ing simultaneously, whereupon its period equals 27 and its shape approx- 
imates that of a sine curve. The effective value of the primary current 
with a change in the angle of ignition of one of the phases from 7/6 to 


7/2 equals: 


(15) 


From equations (15) and (6) we obtain the formula for the power 
factor: 


cos = (16) 


19-182 
ud 


The multiplier in the presence of 7 increases with an increase in 
the angle of ignition and consequently the power factor deteriorates at 
a lesser rate than with symmetrical control. 


In Fig. lg are shown the oscillograms of the primary current and 
primary voltage, coinciding with the corresponding calculated curves. 


In order to establish the most rational schemes and factors of con- 
trol for rectifiers with asymmetrical grid control, the values of the 
power, displacement, and distortion factors were calculated for the more 
widespread schemes of three-phase rectifiers when n = 2 and n ® 4. 


In Figs.4 and 5 are shown the diagrams of the dependence of these 
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FIG. 4. Schemes for connecting transformer windings 
and dependence of cos 6, cos @ and v on 7 for rex 


tifiers when a * 2 


a2 


FIG.4. Schemes for connecting transformer windings 
and dependence of cos @ cos @ and v on 7 for rec 
tifiers when n * 4 
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Phase to be Second 


controlled | 


nr/3ton/6 5x/6ton/2 | x/2ton/b 
sin (x/3— a) sin (a—n/3)| 1 +-sin(a+-2/3) 
¢ 9 


6V 3 
a) Scheme ! Sa/x | 19 — 18a/x 
| 
b) Scheme I! | = 
y¥3 2a/nx 


factors upon the degree of control, and the corresponding schemes of 
connecting the transformer windings. So as to compare the different 
variants we introduce the concept “coefficient of filling the diagram” 


being the ratio of the area, limited by the diagram of the change in the 


corresponding coefficient, to the area which would have occurred with a 


coefficient equal to one 


In Tables 1 and 2 are given the calculated ratios to determine cos ‘ 
and cos @, depending on the degree of control, when n = 2 and n = 4: 
and Table 3 gives the values of the typical output of transformers and 
dividing coils, as well as the value of the coefficients of filling the 
diagram for the same conditions. The calculations made are applicable to 


the schemes shown in Figs.4 and 5 


It has been established by the author's investigations that owing to 
the increase in the distortion factor, the power factor deteriorates 
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TABLE 2 


Number of 


scheme 


with an increase in the angle of commutation Yp in a non-controlled 


rectifier to a lesser degree than the coefficient of shift. 


The author also studied the performance of an asymmetrically con- 
trolled rectifier with zero valves 


The results of the investigation showed that zero-valve install- 
ations in each of the systems working in parallel yield some increase in 
the power factor in the presence of deep control, whilst the mean cur- 
rent, on which the zero valves must be computed, is connected to the 
general rectified current by the following function: 


(17) 


where p -— the number of zero valves installed, equal to two in a six- 
valve scheme and to four in a twelve-valve scheme. 


Conc lusions 


1. Asymmetrical control in a single rectifier does not guarantee an 


increase in the power factor 


2. A scheme with two three-phase rectifiers working in parallel 
leads to a significant improvement in the power factor only when n = 2, 
when the harmonic components of low-frequency current are completely 


removed. 


3. An improvement in the power factor may be obtained by connecting 
two rectifiers with anode voltages displaced from each other by 180° 
(Fig.2). When n = 2 such a rectifier will consist of four separate parts 
with three dividing coils. Using existing multi-valve equipment it is 
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possible to obtain a considerable economical result, without substant- 
ially altering their power circuits, merely by changing the grid control 
in a low-power system 

4. When n = 4 a better filling of diagram is ensured, cos © = f(T). 
For the complete removal of the harmonic components of lower- frequency 
currents. however, it is essential to have four groups, working in paral- 
lel. with three dividing coils (Fig.5). It follows from a comparison of 
the schemes shown in Figs.4 and 5 that the filling of the diagram 
cos = f(r) for twelve-valve schemes hardly changes when n 1s increased 
to four. However, the overall typical output of a transformer and divid- 
ing coils is less when n = 2; the smoothing choking coil will also have 
a lower output when n = 2 since the curve of the rectified voltage will 
then have less undulation (ripple), (Fig.2d); the grid-control system 
will be less complicated when n = 2 than when n = 4. Consequently with 


up to twelve valves the control factor should not be more than two 


5 In rectifiers for high-power drives (for example the main drive 
of a rolling mill), where the number of valves working 1n parallel is 


high, it is more expedient to use the scheme where n= 4 


6. With small angles of commutation (up to 20°) the power factor may 


be computed fairly accurately from the calculated relationships as 


quoted, established for an ideal converter An increase in the angle of 


commutation from 30° to 40° will lead to an increase in error of up to 


8 per cent 


7. It is not possible to justify the use of zero valves in conjunc- 
tion with asymmetrical control in reversible ioni: drives with deep 
speed regulation, since the established output of zero valves is practic- 


ally equal to the output of phase valves 


@ With asvmmetrical control, the coefficient of filling the diagram 
cos ©: f(r) increases by 1.4-1.7 times This increase is not connected 


with a substantial change in the angles of the converter. 


Conventional symbols 


effective value of primary current 

average value of rectified current. 

instant values of primary-winding currents 
instant value of secondary winding currents. 
instant value of k harmonic component of primary 


current 
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peak value of k harmonic component of primary current. 

overall average current in zero valves. 

coefficient of shift of basic harmonic of current. 

power factor of rectifier. 

coefficient of filling the diagram cos 6 = f(T). 

coefficient of filling the diagram v = f(7). 

coefficient of filling the diagram cos @= f(T). 

typical output of rectifying transformer. 

typical output of dividing coils. 

effective value of line voltage in the grid. 

effective value of phase voltage of secondary winding of 

transformer. 

average rectified voltage with control. 

average rectified voltage for non-controlled rectifier. 

angle of displacement of k harmonic component of current 
60 in relation to voltage. 

distortion factor of non-sinusoidal current. 

degree of control. 

angular frequency. 


Translated by J.M. Gwynn 
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TRANSIENT PROCESSES IN SYNCHRONOUS MOTORS 
AT SHOCK LOADS* 


I M. TOLMACH 
Stalin Electromechanic Factory in Kharkov 


(Received 28 July 1958) 
In recent times large synchronous motors have been widely used for 1960 
drives with sharp shock loads. Particularly, there is a tendency to 
replace synchronous convertor sets with flywheels by sets without fly- 
wheels with synchronous motors in reversible rolling mills of the bloom- 
ing type. The power of synchronous motors in these mills reaches the 
value of 14-17 MVA, and the peak loads are up to 30 W. Synchronous 
motors are also used in convertor sets for metal sheet and rail revers- 
ible rolling mills, in powerful excavators and other drives with shock 
loads. The motors chosen for this purpose very often have an excessive 
overload capacity with respect to overheating and to torque, since their 
choice is made without taking into consideration the actual transient 
processes taking place in a machine at shock load 


Resides the problems directly related to the choice of a synchronous 
motor great importance should be attached to a correct determination of 
voltage fluctuation in the grid and to the pulses of active power sent 
back into the grid, since these quantities play a decisive role in the 
solution of the problem concerning the possibility of using synchronous 
or asynchronous drive. The solution of these problems is connected with 
the necessity of calculating electromechanical transient processes in 
synchronous motors. In the presence of shock loads, angle © can vary 
within the limits + 100 el. degrees, and calculations are very comp 1i- 
cated due to the non-linearity and large number of differential equa- 


tions characterizing the process 


A considerable amount of useful work has been done on the subject of 


calculating electromechanical transient processes in synchronous mach- 


* Elektrichestvo, No.4, 72-77, 1959 
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ines. The processes of small fluctuations of angle 5 about its steady 
value have been thoroughly investigated, [1 and 2]. In [3 and 4], the 
amplitude of fluctuations of angle 5 is not restricted to small values, 
but the law of the angle variation as a function of time (sinusoidal or 
damped sinusoidal variation of the angle with time) is assumed and the 
electromagnetic moment corresponding to this motion is determined. These 
investigations can be applied in the cases when the load varies period- 
ically (for sinusoidal variation of angle 5) and by steps (for a damped 
sinusoidal variation of angle 5) 


In [5] a transient process in the presence of a sudden increase in 
load, which afterwards remains constant, is discussed, and in [6] — an 
important case of a sudden increase in load up to a magnitude exceeding 
the maximum static characteristic for forced excitation. Variations of 
angle } are not restricted in this case to smal! values, and the law of 
the angle variation with time is also not given in advance. In practice 
it 1s often important to calculate a transient process in a motor for a 
more complicated character of the load variation corresponding to real 
conditions. In this article we discuss the case when the motor excit- 


ation voltage is constant, and, in the determination as a function of 
time of the angle 6, of the active, reactive and full power of the motor 
we assume that the character of the shock load on the motor shaft and 
the amplitude of fluctuations of angle 6 are not restricted by any cond- 


itions. 


A synchronous machine at a constant excitation voltage is character- 
ized by six equations [1]; two equations for the longitudinal and trans- 
verse rotor fields, two equations for the longitudinal and transverse 
damping circuits, one equation for the excitation winding circuit and 
one equation of the rotor motion. In order to simplify the initial set 
of equations numerical equations were derived for various sets of 
relationships between the parameters of synchronous motors; these equa- 
tions correspond to the shock loads (active resistance in the stator 
winding was assumed to be equal to zero). In view of the great complexity 
of the complete set of equations, the solutions of all equations were 
obtained by using a digital electronic computer M-3*. Analysis of the 
solutions obtained has shown that the following regularities are main- 
tained at shock loads of any kind: the variations of such variable quan- 
tities as fluctuations of angle 5, of current i. and current ty (in 
relative units) are such that the order of magnitude of their first 
derivatives is several tens of times smaller than the order of the vari- 
ables themselves. The same relationship exists between the second and 


* Solutions of the equations were found by the Scientific and Research Institu 
for the Electrical Industry 
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first derivatives and also between the third and second 


In this case from the first five above quoted equations the follow- 
ing expressions can be obtained: 


1960 


Variable J appearing in formula (2) is determined by the first order 
equation: 


‘ai 
J cose 


lat (3) 


The difference J - cos 5 has a definite physical meaning: 1t 1s propor 
tional to the additional current which appears in the excitation winding 


with variation of angle > 


The sixth equation 1s the equation of the rotor motion: 


m_(t) m 
A 


where a(t) - resistance torque on the motor shaft; 


a, u(t, sind t, cos electromagnetic torque 


On substituting expressions (1) and (2) into equation (4) we get the 
following differential equation containing variables > and J 


C aa + (D, cos’ + D, sin? 6) 


\ : 
— Cos 6 
: cus6- 
x at 
aT 
sin %, 
t x (1) 
| ] J cos 3 > - 
dt 
x T d dt 
d‘a 
(T,—T_)| cos (2) 
d ‘ dt? dt 
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UU 


sin’ + -; F )sin 23 + 


d 


40 


+ 1 }(J — cos 4) sin 8 =m, (t). (5) 
“a / 
This equation in conjunction with equation (3) fully characterizes 
a transient process. The terms on the left-hand side of equation (5) 
correspond respectively, in order of appearance, to the moment of 
inertia, moment of the damping cage, sync hronous moment, reactive moment 
and to the additional synchronous moment, which is due to additional 
currents flowing in the excitation winding during a transient process 
The first. second and fifth terms vanish under the steady state condi- 
tions. Factors C,, D, and D, are expressed in terms of the machine para- 


meters in the fol lowing way: 


A ceftain “decrease” in the inertial constant according to equation (6) 
is explained by the presence of the damping moment component which is 
proportional to the second derivative of angle 6, and having a sign 


opposite to that of the moment of inertia 


By using the function 6 = f(t) found from equation (5) we can deter 
mine both the motor active power P, which in relative units 1s equal to 


the electromagnetic moment, and its reactive power (: 


a*6 


P=m,\(t)—% Fa: (8) 


Q=u (i, sin® — i, cos 6). (9) 


It is necessary to point out that in [7 and 8) the following equa- 
tion of the motor motion is used for the analysis of a transient process: 


dé 
G + M, sin sin 23 — My. 


This equation does not correspond to the full set of Gorev-Park differ 
ential equations and gives entirely false results for big fluctuations 


of angle 5, since the additional synchronous moment and the dependence 
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120 15S0e\. degrees 


FIG.1. Dynamic characteristics of a synchronous 
motor type MS-325-17/12 


of factor D, on angle 5 are not taken into account 


Formulae (1) and (2) can also be used to determine the electromag 
netic moment in the steady-state asynchronous conditions of machine 
operation in the presence of excitation and during slips not exceeding 


4 per cent 


Fig.1 shows graphs of moment m, as, functions of angle } for a motor 


type MS-325-17/12; moment m represents the sum of synchronous, reactive 
and additional synchronous moments, which correspond to the three last 
terms on the left-hand side of equation (5). The machine static charac- 
The limit of static stability is 
the motor usually works under 


1. When load is 


teristic is also shown, (dotted curve) 
17.5 WW. Before a sudden increase in load 
no-load conditions, and in this case J = cos dp 
applied, the variable J which depends on the current in the excitation 


winding, decreases much more slowly than cos © due to the large time 
constant Ty Recause of this the motor develops torques, which for a 
short time may exceed 1.8-2.5 times the limit of static stability, and 
angle 5 may reach the value of 110-120° without the machine falling out 


of synchronism 


| 
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The permissible value of the shock load and its duration is the 
greater, the greater are the factor u2 X {Ta ~ 1/T,) and the time con- 
stant 7,. Analysis shows that, for their simultaneous increase, it is 
necessary, in designing a machine working with peak loads of the order 
of duration T), to try to get the smallest possible values of the dis- 
persion resistances X_ and X, and to decrease resistance r q bY increas- 
ing the volume of the rotor copper. Thus, for example, an increase in 
resistances X_ and X, by 13 per cent which is quite possible for a motor 
type MS-325-17/12, alien an increase in the maximum dynamic character- 


istic from 44 W (Fig.1) to 50 MW. 


Let us consider the method of solving equation (5), and for this 
purpose we write it in the following way: 


Cig 


D = D, cos*é D, sin? 6. 


The graph of the damping moment D as a function of angle ® can be 
replaced by a three step broken line graph (2). This rather rough 
approximation is quite permissible since the contribution of damping 
moment in the total value of the electromagnetic moment is relatively 
small. This is confirmed by solutions of the full set of equations, 
which were obtained by means of a computer, by varying damping circuits 
within wide limits and keeping constant all other parameters. The char- 
acteristics of angle 5 as functions of time, obtained for all cases, 


were very near to one another. 


Equation (10) can be represented in a form of two equations: 


These equations can be solved simultaneously with equation (3). 


To integrate this system of equation, a graphic method proposed by 
Pogosov [9] can be used. According to this method an interval of inte- 
gration should not exceed one half of each of the coefficients for the 
derivatives. In this case, the quantity D/2 is decisive; for real 
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60el. degree 


FIG.2. Approximation to the curve for the 
damping moment 1960 


parameters it can be equal to 2.5 special units of time, i.e. to 0.008 
sec. The value of C_/2D does not limit the interval of integration since 
even for maximum real values of D it is approximately equal to 35 spec- 
ial units, i.e. to 0.115 sec. If we consider, for example, that in the 
case of a synchronous motor for a blooming mill the duration of a trans- 
ient process is 45 sec, it becomes obvious that because of the great 
number of integration intervals this method cannot be applied. However, 
it is possible to increase the interval of integration if we write equa- 
tions (11) and (3) in the following form: 


C, d 
D dt 


dé 
Dn (t)— m,; 


a ii +J= COS 6. (12) 


In comparison with equations (11) a positive number n, greater than 
one, is introduced here; this enables us to increase the interval of 
integration, which in this case should be determined by inequalities 
At< C, 2D, At < Dn/2, At < T, 2. The number n should not be taken 


greater than the value corresponding to 7-10 intervals of integration 
extending over one period of oscillations of angle 6, the minimum value 


of which can be approximately determined from the formula 
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where m_. is the value of the quantity m, for J = 1 and 5 = 1. 


Rewriting the set of equations (12) in terms of finite differences 
we get 


i+0 


J A COs 0.5? 


2 i+ 
where t is the number of the interval of integration. 


In order to perform graphic integration we first construct the fol- 
lowing graphs 


A family of curves nm. = (0) is plotted for several values of J (Fig. 
3), and curve of the shaft resistance torque m(t) is added; scales for 


m., m.(t), and € should be equal. The following factors are calculated 


Factors A,, A, and A, can assume three values when factor D varies. 
The remaining factors are constant. On the graph we draw straight lines 
Ay, Ny, A, and NS inclined to the ordinate axis at angles whose tangents 
are equal to corresponding values of these factors (in Fig.3 only one 
direction of each line A,, A, and A, is shown). 


On the corresponding ordinate axis we plot the initial values Jp, 
59, and €) (in this case Jy * cos 5)). Since up to the beginning of a 
transient process steady state conditions existed and (do dt) = 0, then 
from the first equation of the set (12) it follows that €, = o9/n. 


When these graphs are plotted we find the values o9 5 and Jp « at 
the instant of time t = 0.5At, which can be done, for instance, by the 
Runge numerical method, [10]. However, we can often dispense with this 
calculation since the time 0.5 At is small (usually not greater than 
0.05 sec), and, therefore, we can assume that 5) «> 5) and Jy 5 ~ Jy 


Graphic integration is performed in the following order. From the 


point m, on the curve m_(t) for the moment of time 0.5At we draw a 
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FIG.3. Graphic integration of a set of 
differential equations, (13) 
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horizontal line up to the point p, at the intersection with straight 


line A,. From values o>) 5s and Jy « we find the value of moment m. 
(point n,). From point n, we draw a horizontal line up to the inter- 


section with straight line Ay and, at the point of intersection, we 
erect a leraa up to its intersection _ the line mp, at point 
The segment so obtained is equal to 4 — ®e(0.5))3 
as can be seen MN, the first equation (13) it pik the increment 
of the variable €. Setting up the segment p,S, vertically at point ¢,) we 
obtain the value of 3 corresponding to the moment of time At. 


From the point ¢, we draw a horizontal line to the intersection with 
the line A, at a point r,, and from the point 5) < - a horizontal; from 
the point of intersection of this horizontal with line A, we erect a 
perpendicular up to the intersection with the line €,r, at the point d). 
Segment rjd, is equal to the value of angle 5, < as can be seen from the 
second equation (13) 


Having found the value of the angle for the moment of time 1.5At we 
find the value of Ji s: For this, using the value of angle 5) ~ we find 
the value of XY cos o» «, which in the plane (J;t) is plotted along the 
vertical line shifted to the right by 0.5At (segment a,b,). In the same 
way we find the value My cos >, ¢ and construct the corresponding seg- 
ment c,e,. The position of a point /, in the middle of the segment b)e 
determines the value of My cos 0,. To this value, according to the third 
equation (13), it is necessary to add the value of oJ. ;- For this, we 
draw a horizontal from point Jo. ; up to the intersection with line Ay at 
a point l,. The segment |,q, is plotted vertically upwards from the mid- 
point of the segment 6,e,, and thus gives the value of J; « 


The process of integration is further repeated. The variables ¢,, 
ors and J, 5 are given certain values and the calculation is made on 
this basis. The values of & do 5 and J, < are hence found. Integration 
is carried out until angle § acquires the value at which factor D 
assumes a new value, (Fig.2). At the point of transition the variable 
undergoes a sudden change, and its value, found in the last interval of 
integration before the transition, should be corrected in accordance 


with the equation: 


aé 


c 
j 
+ Dn dt 


Variable 5 and derivative dd/dt maintain at the point of transition 


their previous values 


In Fig.4, as an example, the results of calculations of the shock- 


; 
3 
n 
— 


motors at shock loads 


4. Transient process in « synchronous motor 
for a blooming mill 

angle 4; 2 ~ the motor load; 

the motor electro 4 =— the motor reac 

Magnetic power; tive power 


load process are shown for a motor type MS-325-17/12, 10.8 MVA, 10 kV, 
500 rev/min, for a convertor set in a blooming mill (rolling of an ingot 
in eleven passes during 45 sec) The motor has the following parameters 
in respect of an output of 10 WVA: x, * 1 084; x. = 0.688 (resistances 
are given taking into consideration the resistances of the feeding line); 
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Tio * 1.035; Tj = 305; U,, = 0.00193; req = 0.00105; x, = 0.91; 
= 18.8; 6.45: 4.45; T) = 6.51; GD? = 131.000; kgm’, (for the 


whole set) Fig 4 shows “the senaias of calculations for a part of the 


rolling cycle, (passes 9, 10 and 11). For comparison on the same graphs 


the results of calculation of the angle 5 and of the motor reactive 


power are given; these calculations were performed on a computer for a 
(dotted lines in Fig.4a and 6) 


complete set of differential equations, 


From these data we see that the results of calculations, carried out 


by the formulae given in this article, agree well enough with the exact 


solutions given by a computer. The results obtained also show that 


despite the fact that in certain cases the motor load exceeded its 


static stability, angle 6 did exceed the value of 1.2 rad (69el.degrees). 


This makes possible the use of a motor of decreased power (as calcula- 
tions have shown by 20-25 per cent). Let us also point out, that, con- 


trary to the conclusions made in [8) the graphs shown in Fig. 46 show 
that, for a peak-form character of the load, the power taken by a motor 


from the grid also has a peak-form character 


Translated by S. Szymanski 
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New stage in electrification. U.S.S.R. V.1. Weits and V.I. Denisov. 
(pp. 1-8). 
This article considers the plans for the overall electrification of the 
Soviet economy in the year period 1959-1965. Industrial power consump- 
tion is to increase by a factor of 2.2. In agriculture in this period 
the electrification of the Sovkhozy and Kolkozy is to be completed. The 
transport capacity of the railways is to be more than doubled. Domestic 
power consumption is to rise to 550 kW/hr per head of town dwellers in 
1965. Power production is to reach 500-520 million kW/hr in 1965; that 
is 267-287 million kW/hr more than in 1958 

One of the main questions will be the development of condensation, 
heat-conservation and hydraulic power stations parallel to primarily 
experimental development of atomic power stations with different reac- 
tors. New hydro-electric power stations are to be built with an output 
of 10 million kW. The 154 kV network is to be extended to 185,000 km, 
i.e. 3.2 times. More than 7000 km of 400-500 kV line is to be built. 
Experimental development of d.c. transmission is being undertaken and 
the EE’S (The Single Power System) is to proceed with schemes to develop 
a single power system in the U.S.S.R. The article discusses these plans 


in general terms. 


Magneto hydro-dynamic phenomena on an earth laboratory scale. I.M. Kirko. 
(pp.9- 16). 


The article surveys the possibilities of applying hydro-dynamics to 
phenomena met with in liquid metals and plasma in a magnetic field on 


earth, (not in interplanetary space) 
In particular, induction currents in a good conducting and extended 


medium are considered in relation to displacement of the magnetic field. 
The phenomenon of the “magneto-hydrodynamic dynamo” is considered and 
the method of transformation of dimensions in magneto-hydrodynamics. 
Magneto-hydrodynamic waves are also considered. Ponder motor interaction 


of the electromagnetic field with the conducting medium is then examined. 


The author then reviews magneto-hydrodynamic methods of moving metal and 
shows photographs of conduction and induction pumps for liquid sodium 
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He examines the transition from laminar to turbulent flow in the pres- 
ence of a magnetic field and the excitation of the turbulent flow of a 
liquid metal by a travelling magnetic field. Finally he considers the 
effect of Joule heat on magneto-hydrodynamic phenomena. In conclusion he 
argues that in so far as these phenomena are described by the joint 
system of hydrodynamics, electrodynamic and heat transfer equations, so 
very great mathematical difficulties arise. The attention of specialists 
of neighbouring disciplines (both theoreticions and experimenters) must 


be attracted. 


Analysis of the behaviour of electrical systems during sudden changes in 
load. V.A. Venikov, D.A. Fedorov and M.V. Machinskii. (pp.16- 22). 


This article gives the results of certain investigations into the effect 
of sudden sharp changes in load on the conditions of an electrical 
system. The investigations were carried out in the Moscow Power Insti- 
tute, (Physical Modelling of Electrical Systems Laboratory), in refer- 
ence to power supply schemes for metallurgical combines using large syn- 
chronous motors. A method of calculating the conditions of the elec- 
trical system is shown and measures suggested to eliminate the rise of 


voltage and frequency variations. 


Optimum variation of the basic parameters and the rational structure of 
control systems with electrical drives. 0.V. Slezhanovskii. (pp.23- 30). 


The article establishes the approximate laws of the variation of the 
basic parameters of a system for a given character of change of the 
basic control conditions, to which corresponds the initial dependence of 
the dynamic component of current on the automatic control parameter at 
the output. Formulae are obtained which enable the structure of the con- 
trol system and the feedlock parameters to be noted and the exciters and 
amplifiers to be selected. The connexion is also shown between the 
“static characteristics of excitation’’ and the dynamic indices of the 
drive. The calculations refer to electrical machine systems of control 
but the method is applicable to systems of ionic excitation and ionic 


electrical drive. 


Currents and voltages in the presence of single-phase short-circuits in 
networks with auto-transformers. Prof. B.I. Rozenberg. (pp.31-37). 


A method is proposed to determine the voltage in faultless phases, 
neutral conductors and control devices of transformers and auto-trans- 

formers for various connexions of the neutrals with earth. The possibil- 
ity is also established of making these or other connexions from a volt- 
age of up to 1.25 of the ratio phase voltage. (The control device con- 

sists of a series connected transformer with a resistance and an auto- 
transformer, the resistance of which depends on the position of the 
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changeover switch). The author argues that the neutrals of auto-trans- 
formers and transformers can be partially unearthed. Discharge tubes 
should be applied to the unearthed neutrals of auto-transformers on the 
medium voltage side. 


Galvano-magnetic relay of directional action. I.M. Sirota. (pp.38-43). 


The author explains the possibility and the effectiveness of directional 
relays with distance characteristics on the basis of the dependence of 
the semiconductor impedance on the induction of the magnetic field, this 
effect sometimes being referred to as the “Gauss” or “magneto-resistive” 
effect. The author proposes the use of the “Korbino Disk’’ (a fine disk 
of indium antimony (In Sb) with a good conducting metal rim and elec- 
trodes soldered to the rim and centre of the disk), placed in a plane 
perpendicular to the direction of the magnetic field. Possible variants 
of the two half-period phase sensitive schemes are considered as well as 
the scheme of a single phase power directional relay. The author then 
considers possibilities of designing impedance relays. Utilization of 
the effect of the dependence of the resistance of the semiconductor on 
magnetic induction enables simple directional relays with distance char- 
acteristics to be built. Compared with electro-mechanical relays these 
are less current consuming, smaller and more quick-acting. In certain 
respects these relays are superior to relays constructed on diodes and 
triodes and relays based on the Hall effect. Further investigation 15 


however necessary 


Asymmetrical grid control by ionic rectifiers. V.T. Dol’mia. (pp.43- 48), 


The author does not consider that grid control by a simple rectifier 
ensures an improvement in the power coefficient. A scheme with two three- 


phase rectifiers operating in parallel only improves the power factor 


significantly when n = 2, n being the order of control, or the “control 
factor’, and if the harmonic components of low frequency currents are 
eliminated. The power coefficient can be improved by connecting two 
rectifiers with anode voltages displaced 180° in relation to each other 
For full elimination of the harmonic components of low frequency cur 
rents, four groups operating in parallel with three separating coils are 
necessary. The system of grid control is simpler when n = 2 for up to 12 
rectifiers. But in rectifiers for high-powered drives where there 1s a 
large number of rectifiers working in parallel it is more expedient to 
use a scheme with n = 4. For commutation angles over 20° and up to 30-40° 
the power coefficient cannot be calculated without a large error on the 
basis of the mathematical relationships introduced. The application of 
zero rectifiers together with asymmetrical control is not justified for 


reverse ionic drives. 
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Single-phase ionic converters with a two-stepped anode voltage. 
O.A. Maevskii. (pp. 55-59), 


The author considers an ionic converter which enables the output volt- 
age to be changed smoothly simultaneously with the switching over of 

the controlled rectifier from a large step of anode voltage to a lower 
step, thereby making possible the regulation of voltage by a purely grid 
control method in the presence of a high power coefficient. 


Investigation and design of induction motors with a solid steel rotor. 
V.S. Sharov. (pp.49-55). 


The low efficiency of induction motors with solid steel rotors compared 
with normal motors has not yet been overcome. The author proposes a 
method of analysing the connexion between torque or power and the main 
dimensions of the motor and calculating the parameters of a solid steel 
rotor. The results of his calculations are corroborated by experimental 
investigations on two motors. Two appendices explain the use of the 
formulae. 


Calculation of the starting resistances for d.c. motors with series 
excitation. H.F. Bel’ dimen. (pp.60-63). 


The difficulty in selecting the limits of variation of the starting cur- 
rent or torque can be overcome by a graphical-analytical method of 
determination for any number of steps of the starting rheostat. The pro- 
posed method is to change the limits of variation of the starting cur- 
rent in a definite manner and each time to determine with the aid of the 
natural characteristic of the motor the values of no/n, and Ry -R,/R, -Ry 
and then plot the graph of the dependence no/n, = f (Ry -R,)/(R, -R,), 
where n, and ny are motor speeds, R, and R, are the resistances in the 
armature circuit and R, is the resistance of the motor. Two examples of 
the calculations are given. 


Design of a current transformer with magnetization. D.B. Rosenbauli and 
R.N. Rodin. (pp. 63-69). 


The author expounds the method of calculating the optimum parameters of 
current transformers with a toroidal magnetic system. He considers the 
design of devices of medium power and sensitivity. The calculation is 
made for two extreme conditions of operation; namely, without a magnet- 
ization signal and at maximum signal. 


EL.T. 2/60 E+ 


Determination of the parameters the equivalent circuit of a low output 
induction motor. L.I Stolov. (pp.70-72). 

In the case of induction micro machines errors in calculation may arise 
due to a difference between the rotor and stator parameters and the com- 
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paratively large current of the transverse branch. The author proposes a 
simple method of experimentally determining the parameters of an equiv- 
alent circuit of induction micro motors (squirrel cage or with hol low 
rotor), having an output from a fraction to several dozen W. 


Transient processes in synchronous motors in the presence of shock load. 
I.M. Tolmach. (pp.72-77). 


There is a tendency to install groups without flywheels but with syn- 
chronous motors in reversible blooming type rolling mills where the out- 
put of the synchronous motor reaches 14-17 MW and the peak loads 30 MW 
The author argues that such motors frequently have excess capacity since 
the actual transient processes taking place in the machine during shock 
load are not taken into account, likewise, variations in the mains volt- 


age are decisive for choosing between synchronous and asynchronous drive. 


The solution of these problems is linked with the calculation of the 
electromechanical transient processes in synchronous motors The author 
considers the case when the excitation voltage of the motor is censtant 
and with the determination of the dependence on time of the angle 5, of 
the active, reactive and full power of the motor the character of the 
shock load on the motor shaft and the amplitude of the variation of 0 
are not limited by any conditions. The formulae introduced have been 
checked experimentally and results show that angle 6 did not exceed 69 
elec. degrees, showing that the power of the motor could be reduced 


90-25 per cent 


Electrical machine amplifier with shortened pitch of the armature wind- 
ing (Magnicons). Radin (pp. 77-82). 

On reduction of the pitch of the armature winding of an electrical amp- 
lifier with a transverse field, the amplifier acquires a number of new 


properties. When the reduction 1s 0.5 (4-pole armature) the fluxes of 


the transverse and longitudinal reaction of the armature are independent 
ef each other (in the active part of the magnetic circuit), so that it 
is possible to make a rational choice of the gap and the active part of 
the magnetic circuit for each axis separately The trapezoidal distrib- 
ution of the m.m.f. of the longitudinal reaction of the armature enables 
the compensation winding to be concentrated. Finally, switching condi 
tions are improved in so far as the reactive e.m f. is reduced. He con- 
siders the field in the air-gap and the coefficient of amplification A 
test amplifier of the EMU-12 series has been used for experiments and 
the results are discussed and diagrams and a table are given. He dis- 
cusses the use of magnicons in Great Britain and their application to 
automatic control and as excitation voltage regulators of a.c. and d.c 


generators with medium and large outputs 
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CIRCUIT DESIGN WITH RECTIFIERS AND 
RES ISTANCES* 


N.N. KOSTAKE 
Bucharest, Rumania 
(Received 18 July 1957) 


The need for the calculation of circuits with rectifiers and active 
resistances often occurs in automatic equipment. A typical example is 
the circuit of a computing machine diode converter. Under certain cond- 
itions analogous problems also arise in calculating circuits with mag- 
netic amplifiers, [1). 


Suggestions concerning the analysis of circuits with rectifiers and 
active resistances were made in 1954 [2] and 1956 [3]. The first method 
is based on the fact that a network containing N rectifiers has ad poss- 
ible states. By a state we mean a configuration of the circuit in which 
some rectifiers conduct current and some do not, [4]. The solution con- 
sists in calculating all possible network states, and, after that, in 
finding a relation between these specific solutions by an operation to 
find maxima and minima. In this method, although it is possible to 
write down the solutions quickly, nevertheless, laborious calculations 
are needed in so far as the unknown voltage or current do not enter into 
the calculations as explicit functions of external voltages and currents; 
in other words, it is necessary to perform additional computations. This 
inconvenience becomes important when the network considered has a 
smaller number of states than oN (i.e. if the number of e.m.f. is 
smaller than the number of rectifiers). 


The second method is less laborious in certain cases. Nevertheless, 
this method may also lead to a large number of computations, particul- 
arly if, due to the network complexity, the preliminary solutions 
obtained by the iteration process involve many different states of the 
network. 


* Elektrichestvo, No.5, 17-21, 1959. 
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Circuit design with rectifiers and resistances 


In this article we discuss a simple method for the analysis of such 
circuits; this method may prove more convenient in many cases 


Method of the k-transformation and its application to simple 
networks with rectifiers and active resistances 


Obviously. an ideal rectifier is equivalent to a contact, which 
opens or closes according to the sign of the currents or the voltages in 
the network. In the algebra of relay-contact circuits the first position 
is denoted by 0, and the second by 1. Therefore, an ideal rectifier can 
be considered as a contact which has positions 0 or | according to the 


sign of definite voltages or currents 


It is possible to speak of equivalent circuits for networks with 1960 
rectifiers (or contacts) and resistances For instance, a network, con- 


sisting of a contact connected in series with a resistance A, 18 equiv- 
alent to a resistance R/c, (if the contact is open, then c * | and 
R; if it is closed, then * 0 and R, = 


Let us consider a system of real numbers and a logical system, which 
contains only two elements: 0 and 1. Let us denote by aa real number 


which can be a function of certain parameters 


By means of a k-transformation the relationship between the two 
systems is established on the basis of the following rales: 


k(a) = 1 for a > 0; 
k(a) = 0 for as 0 
An additional k-transformation is defined by the rules: 
k*(a) = 1 for a < 0; 
k*(a) = 0 for a 20 
Function ak(a) represents a positive part of function (a). Therefore we 
denote: 
ak(a) = a 
In an analogous way we denote: 
ak*(a) = a 
It is easy to verify that the k-transformation satisfies, in partic- 


ular, the following rules 


If a = 6, then 
k (a) =k (b)enak* (a) = (6); 
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if N> 0, then 


k (Na) =k (a) andk (— Na) = k* (a); (2) 


if M> 0 and N> 0. then 


k([M-+-Nk(a)] =1; 
k[&(a)] =k(a); (a)] (a); 
[k* = 0; k*[k(a)] 0; 
k (a — 6) = k* (b — a); 
k(a-+- 6) = k(a)-k(6)+-k(a)-ki\a b |) +- 
-+-k(b)-k(|b| —\a)); 
k (ab) =k (a)-k(b) +- k* (a)-k* (6); 
k* (ab) = k (a)-k* (b) +- k* (a)-k(d) 


if u = v/a + bk(c), then 


u-[a--bk(c)] 


if u = v/(a + b/k(c)), then 


u-[a+ (5) 


We shall call a k-equation an equation in which, besides the unknown 
variables, k-transformations of various terms also enter 


Let us consider, for instance, a k-equation: 


x =y-[1 + Mk(x)], M>0. (6) 


Applying the k-transformation to both sides of the equation, we get: 


k (x) =k (y)-& [1 4- MR (x)] + &*(y)-&* [1 +- MR (x)] 


In accordance with the above rules 


k Mk (x)] = | and &* [1 + Mk(x)] =0, 


therefore k(x) = k(y) and the solution will be: 


x=y-[1 + Mak(y)] =y+ (9) 


Systems of k-equations can be considered in the general case. 
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Connections of resistances and rectifiers 


Let us consider a rectifier connected in series with a resistance, 
(Fig. la). In this case a rectifier is equivalent to a relay which is 
closed at positive and open at negative voltages. 


The equivalent resistance will be A/c, where c = k(u) or c = k(i). 
The current in the network is equal to: 


(10) 


(11) 
R 


Since k(i) = k(u) then in both cases we get the same result. If the 
positive direction of the rectifier does not coincide with the positive 
sign of the voltage or current (Fig.1b), then c = k*(u) = k*(i). In this 
case i = u /R. 


If the rectifier is connected in parallel with the resistance (Fig. 
le) then the equivalent resistance will be 


The current is equal to: 


where k(u) = 1 7 k(u). 


In this case when u > 0, the value of the current remains indeter- 
minate. 


If the rectifier is connected in the opposite direction, then 


u 


i=— 
Rk* (u) 


where k* (4) == 1 — k* (x). 


or: 
1960 
i=— (12) 
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We may consider several other connexions but in further discussion 
we shall always assume that rectifiers are connected in series with 
resistances. This assumption is admissible since resistances in conduc- 
tors and rectifiers are always present. On the other hand, this assump- 
tion is not a limitation restricting the generality of the method since, 
by making the values of certain resistances tend to zero or infinity, we 
can always obtain any network configuration desired. 


In the following we also assume that rectifiers are ideal. This 
assumption also does not impose any restrictions on the generality of 
the method since a real rectifier can be represented as a combination of 
resistances, ideal rectifiers and e.m.f. sources. 


If more than one rectifier is connected in series with a resistance 
they can be compounded according to the rules of logical algebra. 


Examples of simple circuits with active resistances 
and rectifiers 


Let us consider the circuit shown in Fig.2; the k-equation of this 


circuit is: 


(u)( (14) 


Ri: 
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Taking into consideration that k(u) = k(e), we get: 


R, 


Determination of this voltage permits a complete analysis of the 
circuit. 


Let us now consider a network in each branch of which an e.m.f. and 
a resistance are present. Such a network represents a general case of a 
circuit for a calculating machine diode converter, [5]. Fig.3 shows the 
first and the nth branch of the network. For this network, the k-equat- 
ion will be: 


(16) 


i=! 


Putting v * u~- ep, after simple transformations, we get: 


(17) 


Let us point out that the presence of an e.m.f. in a branch containing a 
rectifier is equivalent to the presence of the same e.m.f. in all other 
branches. 


Taking into consideration that 
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We may remark that if Ry is large, i.e. if: 


i=! 


then the solution can be represented in this form: 


Theorem for the variation of the circuit state 


In more complicated networks it is difficult to obtain a solution by 
using corresponding k-equations for simple cases. We may however, use a 
theorem for the variation of the network state in these cases: if in a 


certain network with rectifiers and active resistances one of the e.m. f. 
had varied in such a way that the circuit state had changed, then, with 
the reverse variation of this e.m.f. to its initial value, the new state 
of the circuit will correspond to its initial state. In other words, in 
networks with rectifiers and active resistances the phenomenon of 


hysteresis is absent. 


This theorem is obvious in the case of single contour circuits. To 
prove this theorem in the general case it is sufficient first to con- 
sider the case when the conditions of one rectifier vary with the vari- 


ation of the e.m.f. in the circuit. 


In a general case let this rectifier D) be connected in series with 
the e.m.f. source, e, and resistance Rp (Fig.4), and let the remaining 
part of the network contain ne.m.f. e), ... e,. We may assume that only 
one e.m.f., e,, varies, and n ~- 1 e.m.f. remain constant. Let the net- 
work pass with the variation of the e.m.f., from a certain state (1) to 
state (2). We assume that the variation of the network state is due only 
to the change in the operating conditions of the diode Dp). So long as 
the part of the network, containing e.m.f. e), ... e,, for the network 
variation discussed, preserves its linear character, we may apply the 
Tevenen theorem; i.e. this part of the circuit can be replaced by an 
equivalent e.m.f. e, = m+ ne, and an equivalent resistance R, 
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FIG.2 FIG. 3 


Let us consider conditions for the transition of a network from 
state (1) to state (2) and back. We assume that the state (1) corres 


ponds to the case, when rectifier Dp, does not transmit current Let the 


value of u decrease with the variation of the e.m.f e, which is a com- 


ponent part of the equivalent e.m g. ¢@, 


The network transition to state (2) takes place at the moment, when 


e¢, ~ u* 0. This corresponds to the condition 


= 0 


In the reverse variation of the circuit from state (2) to state (1) 
voltage u increases and the change of state also takes place when 


e. - u* 0. which in this case corresponds to the condition: 


0 


In this way the conditions for the transition from state (1) to state 
(2) and back are identical which means that the above stated theorem is 


proved 


Further. we may assume that, in the transition from one state of the 
network to another, not only do the conditions of conductance of the 
rectifier D,) vary but also conductances of other rectifiers of the given 
network vary. In this case Tevenen’s theorem can be applied first when 
the rectifier D, does not conduct current (equivalent e.m.f. ¢,,) and in 
the second case when it does conduct, (equivalent e.m.f. ¢,5) 
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It is possible to make two assumptions. 


If e,,; = €,9 then this corresponds to the case already discussed, 


when the conductance of only one valve varies. 


If e.) } €,9 we have to consider two boundary conditions: 


Ko 


/ 


R, 2 R, 2 / 9 


It follows from these relations that the second assumption leads to 


an absurdity in so far as e, does not vary. 


General method of calculation 


The purpose of calculating circuits with rectifiers, as well as 
is the determination of the currents in the branches 


ordinary circuits, 
and the potentials in the network nodes, for given values of the e.m.f 
The problem of the calculations reduces to the problem of finding out 
values of e.m.f., i.e. the state 


which rectifiers are open for the given 
of the network under consideration 


To determine this state the following operations have to be 


performed: 
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1. For the network under consideration, a set of the k-equations is 
derived, (equations for the node potentials are simpler) 

2. One of the e.m.f. varies to ©, zero or to + © for a real config- 
uration of the network and for given values of the other e.m.f. In this 
way the set of k-equations is simplified and can be solved, as shown in 
previous examples. If the simplification so obtained is not sufficient, 


other e.m.f. are dealt with in the same way 


3. The e.m.f. chosen varies from the values assigned to it to the 
value given in the problem under consideration. During this process the 
network state varies passing through all intermediate values. The trans- 
ition from state n to state n+ 1 is calculated by writing down the 


boundary conditions which can always be found for state n 
The method discussed has the advantage in comparison with other 
methods that it is not an iteration method, and consequently, all inter- 


mediate solutions are real solutions corresponding to definite values of 


e.m.f 


To illustrate the method proposed we shall consider two examples 


Example 1 


The circuit shown in Fig.5 corresponds to the comparison circuits 
which can be used in the industrial automation circuits 


For this circuit the k-equation 1s: 


— Rela)? (es — Rela)? (24) 


Let us consider the operating conditions of the circuit for positive 
values of e.m.f e) and «., and, for this purpose, we assume that e.m f 


¢, is constant and e.m.f. ¢, varies within the limts 0¢ ¢, <* 


When ¢, = 0 the voltage drop across the resistance Ry is equal to: 


l 
(25) 


and valve D, is closed 


To the value e,° Up there corresponds a change of the network 
state: with the increase of e) above this value, the rectifier D, is 
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FIG.5 
opened and then the voltage drop across the resistance becomes equal to: 


R,e, (26 
) 
R,R, T R,(R, R;) 


When ¢, increases to the value e, * Up, the network state changes 
once more and, with further increase of e,, rectifier D, is closed and 
the voltage drop across Ry becomes: 


(27) 
It is easy to verify that u’ < u” < u” and that the region, which 


corresponds to the case where both rectifiers conduct the current, is 
the greater the greater Ry) in comparison with R, and R,. 


For Ro >R, and Ry > Ry the solution can be written in this form: 


+ et 


R, +R, + R, +R, k (e, — @,). (28) 


Example 2 


Let us find the potentials at various points of the circuit shown in 
Fig.6, if: 
e, = 10 V, e, = 100 V; 


e 
R,= 109 R,= 209; R 
R,= 509; Ro=10 9; R 


= 30 2; 
6 100 £2. 

We form the k-equations for the node potentials for this scheme 
assuming for the first stage of the calculations that e, = e, = 0: 
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We shall measure potentials with respect to the point 6, 1.e. we 
shall assume that u, = 0 For the circuit in question 

+ + 
(u,) * uy k( -u,) * 0 and (u, = u,) = 0, since the poten- 
tials u, and u, are positive quantities Also taking into account that 
( -u.) we get: 


(30) 


Hence. under these conditions, current flows only in the circuit 
ach and only rectifiers D, and D, conduct current. 


As a result of the solution of these equations we get u, * 8 V, 
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The second stage in the calculation consists of increasing the e.m. f. 
e, in the direction of positive values. In this case the values of the 
node potentials become: 


(31) 


Substituting the values of e;; R); R, and R, so obtained we find 
that 


3 
ug = 8 — ue = 6 + —e,. (32) 


Rectifier Dy will conduct current for k*(u,) = 1, but rectifier D, 
when k(u, - u,) = 1. In so far as u, = u, remains a positive quantity 
for any arbitrary value of e,, the condition k*(u,) = 1 is not satisfied, 
and, therefore, with the increase of e,, rectifier D, does not conduct 
the current. Rectifier D, becomes conducting when u, = u, * u., i.e. for 
e, © 2.5 V. 


For the new state of the circuit (the third stage of calculation), 
when rectifier D, is open (e, > 2.5 V), the equations of the node poten- 


tials are: 


R, 


Solving these equations for e, = 200 V, we find that u, = -30 V, 
u. = 120 V and also u, = 20 V. 


And, finally, the last stage in the calculation is the increase in 
the e.m.f. e,. When e, increases from zero to 100 V the network state 
does not change, and, consequently, the potential values so obtained are 


those required. 


Translated by S. Szymanski 
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SELF-CONTROL OF GENERATORS ON DIESEL LOCOMOTIVES 
USING MAGNETIC AMPLIFIERS* 


O.A. NEKRASOV and A.Ia. SHIKHIN 
Moscow Institute of Energetics 
(Received 31 January 1959) 


Investigations have shown that the most efficient method of control for 
a diesel-generator locomotive with electric transmission (or a gas- 
turbine-generator locomotive), is a combination of generator sel f-con- 
trol with the power on the shaft of the primary motor remaining constant, 
and additional automatic power control (APC) based on the closed cycle 
control system, [1]. In similar systems, self-control plays the main 
role in controlling the generator, the shaft power of the diesel gener- 
ator remaining constant, and the role of the APC consists in adjusting 
this control in order to achieve the fullest possible utilization of the 
diesel power. Due to this, the power of the APC system and its amplific- 
ation factors are smaller with self-control than without it, and, con- 
sequently, the accuracy and stability of the control are greater. 


The advantages of a combination of self-control and APC become more 
prominent with the increase, within certain limits, of the accuracy of 
self-control. The importance of accuracy in self-control increases with 
the locomotive power because the conditions for APC operational stabil- 
ity usually deteriorate simultaneously. At the same time the permissible 
amplification factor of the APC should be lowered, or, otherwise, it is 
necessary to take special precautions for avoiding oscillations in the 
system, and the problem of automatic control becomes complicated. 


In recent years the GEC (USA) began using on large diesel electric 
locomotives, a system of generator excitation by a synchronous exciter 
through a d.c. control reactor (excitation choke) and a semiconductor 
rectifier. In the first stage, the system was used without self-control, 
the diesel-motor power remaining constant [2], and later - with self- 
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control, [3). 


In connexion with the production of new powerful diesel locomotives, 
our home industry pays serious attention to this problem. The system of 
excitation of the diesel generator from a d.c. exciter with split poles, 
which is widely used in our home transport, gives a self-control char- 
acteristic with a scatter which is mainly determined by two groups of 


factors. 


Firstly. the scatter of the generator and exciter characteristics 
and of the technical data of these machines (winding resistances etc. ) 
exert their influence; variations of the equipment parameters also play 
a certain role. These factors can be eliminated to a considerable extent 
by an individual adjustment of the system on each locomotive. 


Secondly. hysteresis and temperature variations of the machine wind- 1960 
ing resistances - and primarily of the generator excitation winding, - 
contribute to the scatter of the self-control characteristics. Scatter 
due to these factors practically cannot be eliminated and is of consid- 


erable magnitude 


The system of excitation from a synchronous exciter also remains, in 
principle, under the influence of these two groups of factors, causing 


the dispersion of the self-control characteristics; and the first group 
can be eliminated in the same way as a d.c. exciter. The influence of 
the second group, however, is considerably reduced (several times) by a 
proper design of the network, mainly due to the preponderant role of 


inductive reactances 


Thus, the use of a synchronous exciter instead of a d.c. exciter 
substantially decreases the scatter of self-control characteristics and 
permits a decrease in the amplification factor and in the power of the 
APC system. In this respect, the use of a synchronous exciter and mag- 
netic amplifiers contributes to the improvement in the quality of the 
generator automatic control system permitting the full use of the diesel - 
motor power. However, the stability of the automatic control is affected 
not only by the amplification factor of the APC system, but also by 
others factors. Therefore, the problem of stability with a synchronous 


exciter requires special investigations and tests 
The self-control problem and gengrel quantitative 
relationships 


The characteristic of the diese] generator self-control, i.e. the 
dependence of its voltage on the current U;U,) should have three 
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Basic circuit for the self-control for a diesel 
locomotive generator 


generator, eg - the generator excitation 
winding; 

semiconductor rectifier; 

excitation choke with the windings: 
sd - shift winding; 

ed - current control winding; 

vd — voltage control winding; 
(winding of the APC on the EC choke 
is not shown); 

synchronous exciter; 

current transformer; 

voltage transformer 


regions: constancy of the shaft power of the primary motor, “current cut 
off” (I, = const) and “voltage cut off” (U, = const), (1) 


For the primary motor operation at a rated speed and power, devia- 
tions from the above discussed principles of self-control in the three 
regions U,(I,), are inevitable and permissible. However, they should be 
kept within sufficiently small limits. 


For a reduced speed of the diesel-engine the control accuracy can be 
reduced since the engine power is deliberately not fully used. However, 
other requirements arise with respect to the self-control system. First, 
to achieve the optimum conditions of the diesel-engine operation at the 
reduced speed, the driving torque on its shaft, in the region of con- 
stant power should be reduced; i.e. the fuel supply should be reduced, 
{1}. Secondly, the cut-off current should decrease with the decrease of 
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the diesel-engine speed in order to ensure the necessary control of the 
tractive force at the moment of the start of the locomotive by varying 
the diesel-motor speed. Thirdly with the decrease of the motor load at 
the reduced speed, the maximum generator excitation current should be 
limited to a definite value in order to avoid overloading of the excita- 


tion system. 


When the locomotive is at a standstill the excitation system is dis- 


connected 


In a general case, the self-control scheme is based on the effect of 
the generator current and voltage on the excitation choke BC, (Fig. 1) 


In order to investigate a self-control system, to choose the proper 
characteristics for units and perform calculations, it is advisable to 
obtain, in a general form, an analytical relationship between the sel f- 
control characteristic and the characteristics of the separate units in 


the scheme 


Let us establish this relationship by an example of a particular 
case of the combination of certain unit characteristics, disregarding 
the method of their derivation; later we come to a general case 


The generator load characteristics enable us to establish a desir- 
able dependence of the generator excitation current on the armature 
current I,(I,,), by using the given characteristic U,(/-,). As an example 
of desirable relationships U,(1,.) and Fig 2 on the character- 
istics of a laboratory set, chich are shown by dotted lines. So far as 
current and voltage cut-offs can deviate within certain limits from the 
assumed graph, it is convenient to limit a portion of U,(I,) for a con- 
stant shaft power of the diesel engine by points (J, ,,,, 

(J U ), where J, is the cut-off current and Up 


G min’ ~G max’’ G x 


cut-off voltage 


The characteristic of the excitation choke BC (Fig.3) represents a 


relationship sey the generator excitation current and the resultant 
control m.m.f lp (F According to the direction of the m.m.f. of the 
shift winding i current control winding cd and voltage control wind- 


ing vd (Fig.l) we have 


(1) 
The characteristic of the current transformer CT represents a depen- 
dence of the cd winding m.m.f. on the generator current F,(/-); charac- 
teristic of the voltage transformer VI gives the dependence of the vd 
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FIG.2. Characteristics for generator self-contro! 


1 initial curve; 
2 - experimental curve 


winding m.m.f. on the generator voltage F,(U,) 


Figs.4 and 5 show the characteristics F,(1¢) and F, AU, .) recorded in 


laboratory tests. However, we shall pursue 
with respect to the characteristic F,(I,), shown in Fig.4 by a dotted 
line, which satisfies better the requirements of self-control 


Characteristics of the generator self-control and 
have no exact analytical expressions in the region of the constant shaft 
power of the diesel-engine. Characteristics of circuits EC, CT and VI, 
generally speaking, also have no exact analytical expressions since they 
may be partly or totally non-linear. We shall assume, for our investi- 
gation, that these characteristics are approximately linear. These 
linear approximations correspond exactly to the characteristic linear 
portions, and, for the non-linear portions, for sufficiently smal] 
intervals, the approximate curves represent real characteristics with 


sufficient accuracy. 


To express approximately linear characteristics and 
by means of parameters of approximately linear characteristics [,(F,.), 
F,Ug) and F,(U,), it is necessary to introduce the concept of a gen- 
erator excitation characteristic U,(I,). This characteristic is obtained 
for a given from the characteristics, as shown in 
Fig.6. Let us also replace it by its linear approximation. 
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25 50 75 100 


FIG.3. Characteristics of the excitation choke. 
- initial curve; -——- experimental curve. 


Let us choose on the characteristic U,(/,,), a current point z which 
may be situated in any part of the characteristic. Points similarly 
denoted on characteristics Ip(F,), F,([g), F,(Ug) and 
correspond to this point. We replace each characteristic in the region 
of point z by its linear approximation with corresponding parameters. 
Further, using expression (1) we may obtain equations of the character- 
istic linear approximations I,(J,,) and U,(J,) in the proximity of the 
current point z. However, for investigations and calculations - as may 
be seen from the further discussion - the derivatives of the character- 
istics at the point z are of interest; these derivatives are: 


+ ACD 


ABD 


In these formulae the following notations of gradients of the 
approximate linear characteristics at point z are used: 


A - I,(F.); Fy(Ig)i 
C - Fy(Ug); D - Ugg). 


In the region of constant power B = const, (Fig.4), D= const (Fig.6), 
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G min G max 


FIG.4. Unit characteristic for current control. 


and, for the time being, coefficient A is assumed to be constant. Then, 
in order that J and H may increase continuously in absolute value, when 
I, decreases and U, increases (Fig.2), the value of C should continu- 
ously decrease with the increase of U,. The shape of the right branch of 
the characteristic F)(U,) in Fig.5 conforms with this requirement. The 
actual curvature of characteristics U,(I,) and I,(F,), i.e. inconstancy 
of factors D and A, does not change qualitatively at all, but only 
affects quantitatively the bend of the right branch of the character- 
istic F,)(U,), which in the proximity of point U, .,, may have a negative 


slope. 


ax 


To obtain the current “vertical’’ cut-off we equate (3) to infinity. 
Since the factors A, B and D have definite values in the region of the 
current cut-off, it is necessary that 


1+ ACD=0, 
whence we get: 


C= (5) 


| 
AD: 


Since A > 0 and D > 0, then C < 0, and this corresponds to the left 
branch of the characteristic F,(U,) in Fig.5. 


The point of discontinuity F,(U,) corresponds to the point of con- 
test between the region of constant power and the current cut-off on the 
self-contro] characteristic U;U¢)- Characteristic U;Ug) may not be 
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FIG.5. Unit characteristics for voltage control 
- calculated; experimental 


vertical in the whole of the cut-off region since characteristic I, (F .) 
may have a bend in its lower operating part (Fig.3), where factor A 
decreases. This will cause an increase in the current I, in the lower 


part of the cut-off, as we can conclude from (3) and as is shown in Fig. 


2. The real shape of the current cut-off curve can be determined from 


real values of A, B, C, D for various positions of the point z 


The current cut-off can also be obtained with a negative or positive 
slope, and to achieve this it is sufficient to change the value of C for 
the left branch of F,(U,) 


The control in the region of the current cut-off is by current. 
Otherwise, it could be assumed that B = 0. However, this assumption 
turns the expression (3) into an indeterminate expression if condition 
(4) is satisfied, and this means the absence of current control. Voltage 
control, which also takes place since C # 0, plays an auxiliary role, 
since even for C = 0, current control takes place, as can be seen from 


(2) and (3), but when H # @ and J # @. 
In the region of the voltage cut-off for < Ig mins B= 9, (Pig. 4) 


If the denominator of expressions (2) and (3) had in this case a defin- 
ite value, then 


H=J=—0. (6) 


This is, however, physically impossible due to the voltage drop 
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across resistances of the generator armature circuit and due to the arm- 
ature reaction. Thus, it is necessary that when B = 0, the denominator 
of expressions (2) and (3) be equal to zero and the expressions them- 
selves become indeterminate. In this way we come once more to the expres- 
sion (4). However, now the value of C in the proximity of Ue max 35 
already determined by the shape of the characteristic U,([¢) in the 
region of constant power, and the value of A is determined in the prox- 
imity of the point U, ,,, on the characteristic I,(F,.), and the only 
indeterminate quantity is D, which we find from (4): 


l 
This quantity represents the slope of the part of the characteristic 
for nen and I, < Ig ai, (Fig.6), and its intersection 
with the characteristic of the generator under no-load conditions gives 
the generator voltage and the excitation current, when the load is com- 
pletely removed. Hence, we get characteristics U,(I,,) and I,(I,,) in the 
region of the voltage cut-off. The control in the voltage cut-off region 


is done only by voltage, so far as B = 0. 


Let us explain the physical meaning of phenomena in the voltage cut- 
off region. In this region the m.m.f. of the EC control is defined by 
the difference F_, = (F, - Fy 9) - Fy, (Figs.4 and 5). Then, using char- 
acteristic I,(F,.) we may plot the relationship between the generator 
excitation current and the voltage [,(U,) when I, < I, ,;,- This graph 
in the case of a negative slope F,(U,), i.e. when C < 0 for — 
(Fig.5), passes through the point (U, .,,, Ip ,,,) and is denoted in 
Fig.6 by U.,([,). The intersections of characteristics U,,(I,) with the 
give the point of the 


l 
generator foad characteristics for < 
generator equilibrium for corresponding currents [,.. 


min 


This equilibrium is stable if, at the points of intersection the 
slope I,(U;,) is smaller than the slope I,(U,) of the load character- 
istics. Thus, the characteristic U,,(J,), in the interval between the 
load characteristics when I, = I, ,;,, and I, = 0, is the continuation of 
U,([,) in the region of the voltage cut-off for D > 0. The sign of D is 
dependent on (7) in so far as A> 0, C< 0. 


If in the proximity of the point U, .,,, C 7 0, then in Fig.6 we get 
a characteristic U,o(I,) for D < 0, but if C = 0 we get U,,(I,) for 
D = 


Above we carried out an analysis of the self-control system for a 
combination of definite characteristics of units. However, in deriving 
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FIG 6 


Characteristic 


equations (2) and (3) we did not impose any 


the parameters of the linear approximations 
There fore 


be used for investigations and calculations 


istics these equations are of a 
For this purpose it 


acteristics in an explicit form, since they 


combinations in the circuits 


ensured by only two current transformers 


In this case 


value of B is determined for the resultant characteristic of the 


current transformers 


On the basis of the general method discussed above 
of circuits and combinations of the unit control character 


diese! generators were 
For this purpose 


speed of the diesel -engine, 


as a basis for investigations we put C * 0 


analysis of the operation of the system, at a 


of the generator excitation 


restrictive conditions on 
of the assembly character- 
general character and can 


for any characteristics 


is sometimes necessary to separate the unit char- 


can be obtained by certain 


For example, the self-control can be 


and the 


two 


which constitute the unit for current control 


several versions 


istics for 


investigated theoretically and exper imentally 


reduced 


and calculation of the necessary character 


istics of the control assemblies were also carried out on the basis of 


the general relationships discussed above 


Experimental verification 


Tests were carried out in a laboratory on a generator type PN-750, 
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230 V, 274 A, 970 rev/min, driven by a three-phase asynchronous motor. 
The generator characteristics U,(/,) and I,(//,) which were given for the 
calculations (initial) characteristics for the region of constant power 
(Fig.2), were experimentally recorded, the power consumption of the 
motor from the grid remaining constant. 


The general scheme of the self-control system corresponded to the 
diagram shown in Fig.6. Three single-phase magnetic amplifiers type UM 
62-65/47-14 constituted an excitation choke EC. Transformers CT and VT 
were wound on the toroidal cores made of steel mark XT-18. Filters were 
added to the network to eliminate mutual influence of individual assem- 


blies 


Choke EC was provided with an internal variable feedback in order to 
choose the optimum characteristic [,(F.). The choke characteristic is 


shown in Fig. 3. 


Characteristic F (Ie) of the transformer CT without feedback and 


with shift is shown in Fig. 4. 


The voltage control of the choke BC was done by means of the trans- 
former VN. with a feedback and shift, through the winding vd and through 
the bridge circuit and winding sd, (dotted line in Fig.1). The m.m.f. F, 
has a constant term F., and a variable term proportional to U,. The 
resultant characteristic of the voltage control assembly F,(U,) 1s shown 
in Fig.5. On the basis of the assumed characteristics (Figs.2-4) it was 
possible to obtain - in accordance with the main principles discussed in 
this article the calculated characteristic® F (Ug) (Fig.5) 


During the tests of the system, experimental characteristics were 
recorded which slightly differ from the initial or calculated character- 
istics; they are shown in Figs 9-5. Moreover, the constant term F 6 was 
found to be equal to 251 AV instead of the calculated 244 AV. The experi- 
mental characteristic U,(/-) 1s consequently seen to be slightly higher. 
Its other deviations from the initial characteristic are connected with 
deviations of the experimental characteristic F)(U,) from the calculated 


characteristic and are generally small. 
Conclusions 


The general relationships discussed above for the self-control 
systems of generators of diesel locomotive generators using magnetic 


* Calculations and tests were not performed in the voltage cut-off region. 
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amplifiers, enable us to investigate schemes and to carry out practical 


The relationships obtained are 
motor 


calculations for stationary conditions 
also applicable to other drives operating in a generator - d.c 


system 
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OPERATION OF A SEMICONDUCTOR SWITCH WITH A 
DIFFERENT TYPE OF LOAD* 
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Today a commercial outlet has been discovered for high-power junction- 
type semiconductor triodes (PPT) [1], in which connexion the problem of 
examining the possibility of their application for controlling electric 


motors arises. 


The use of line amplifiers in transistors [2] has become widespread 
in various automatic systems. However for a considerable number of items 
controlled by means of junction-type transistors it is unsuitable to use 
amplifiers which operate in a class A and B system, since they have a 

low efficiency and triode utilization factor. In this instance one should 


use a switching system 


A series of examples [3-7] of the practical application of junction- 
type transistors working in a switch system (PPK) is well known. The 
peculiarity of the performance of PPK in electrical machine control 
systems is that generally there may be inductance and counter electro- 
motive force in the load circuit of the transistor, besides active resis- 
tance. The reference articles do not contain an analysis of the perform- 
ance of a semiconductor switch when the load is of this nature. 


EL.T. 2/606 


The use of PPT as a control switch is described in detail in (3). 
Therefore, only the fundamental relationships of the system are given 
below. The collector volt-ampere characteristics of a P4B triode con- 
nected in a scheme with a common emitter (Fig.la) are shown in Fig. 1b. 
Two operating points are of interest for the load line indicated in Fig. 
1b: point M, where the triode is blocked, the voltage of the supply 


* Elektrichestvo, No.5, 60-65, 1959. 
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source U. is applied to the triode and an insignificant triode leakage 


current (cut-off state) flows in the load, and point N, in which the 
triode is completely open, the entire voltage of the source is applied 
to the load, in which a large current flows ilst the voltage drop is 
insignificant (saturation state). The « ff state arises if the poten- 
tial of the base is positive with regard to the emitter and if a smal] 
positive current flows in the circuit of the base, but the saturation 
state arises if the potential of the base is negative with regard to the 
emitter and when the current of the base is sufficient for a complete 


saturation of the triode 


Below are shown the basic characteristics of the state (the average 
for a P4B triode parameters: [ = 70 V; I =5 A; P * 2.5 
= c max c max c¢ max 
W without a radiator, (1)) 


Resistance of triode in cut-off state 
Resistance of triode in saturation state 
Dissipated power in the cut-off state 
Dissipated power in saturation state 
Load power controlled by triode 
Efficiency in saturation state 

Control power 

Power amplification factor 

Triode utilization factor (relationship 
between maximum load power and maximum 
losses in the triode) 


For comparison we shal] show certain characteristics of line ampli- 
fiers. It is well known [2], that the utilization factor of triodes 
k= 0.5 for a power amplifier working in a class A system; k = 2.47 in 
class B; k. = 4 in certain phase-sensitive amplifier schemes; the power 
amplification factor has a value k, ~ 60 in one cascade. 


The advantages of a switching system are more apparent, if one con- 
siders that the dependence of the parameters of the triode on the 
ambient temperature does not play an essential role in this system, 
since the position of the active points M and N varies little in a wide 
temperature range, nor is the non-linearity of the triode character- 
istics important because the operating point of the triode can only be 
situated for a long time at points M or N. Negligible dissipated power 
permits PPK to be used in more difficult temperature conditions and when 
the currents on the collector are great. 


The transition from the active point M to the point N and vice versa 
occurs along the load line, and the instantaneous dissipated power may 
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I,= 150 


Range III 


2 


Range II 


triode circuit; 
collector characteristics of triode 
in a circuit with a common emitter 


c characteristics = f(U, pit): 
MN load line. 


be great. Therefore, the transient process while the switchings take 
place is of considerable interest. 


The articles by Ebers and Moll [8, 9] are devoted to an analysis of 
the performance of PPT in the presence of large signals, of which the 
switching state is the extreme. They distinguish between three ranges of 
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FIG.2. Transitional process in a circuit with 
@ common emitter. 


triode operation, (Fig.lc); range I - the current of the collector is 
blocked (corresponds with the negative potentials of the emitter and the 
collector in relation to the base, i.e. with the reverse connexion of 
the two junctions); range II — the active range (corresponds with the 
direct connexion of the junction from the emitter to the base and with 
the return connexion of the junction from the collector to the base); 
range III -— saturation of the collector current (corresponds with the 
positive potentials of both junctions). For a system with a common 
emitter the line J. = f(U. ,) where I, = 0, is the boundary between 
range I and II, and the line U. , = 0 is the boundary between ranges II 
and III (Fig. lc). 


When analysing the performance of PPT we shall assume that the 
specific resistance of the junctions is small and that the densities of 
the injected currents are negligible (this assumption is made in order 
to produce a sufficiently strict mathematical analysis, the accuracy of 
which is also acceptable when the densities of the injected currents are 
great [8]1. We shall also disregard the effect of expansion in the reg- 
ion of the volume charge and assume that the p-n junctions of the emitter 
and collector are separately described by the ideal diode equation 


1), (1) 


e 


where _ is the return current for junction saturation; and 
kT/q = 0.026 at a temperature of 25°C; and that U is the voltage applied 


to the junction 


The transitional process of PPK in a circuit with a common emitter 
under conditions which almost lead to the short-circuiting of the 
collector circuit, can be described in the following way. Let a current 
impulse, sufficient to saturate the collector circuit, be supplied at 
moment t, (Fig.2) into the base circuit of the blocked triode. The 
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operating point of the triode will be transferred from range I to range 
III and virtually the entire transitional process is determined by the 
parameters of the active range. During time Ty (the time for de-blocking 
the triode) the collector current reaches 0.9 from the steady value and 
at the moment of time t,, one may assume that the operating point of the 
triode enters range III. At the moment of time t. the current of the 
base decreases to a value, which corresponds with performance in range I, 
and the blocking of the triode begins. Since the operating point is sit- 
uated in range III, the density of the minority carriers in the base 
layer is high (the result of accumulation of minority carriers), but 
during time T,, (time for the disappearance of the charge due to the 
accumulation of minority carriers) it decreases to zero on the collector 
and the operating point enters the active range. Furthermore, the trans- 
itional process is again determined by the parameters of the active 
range. During time T, (time of drop), the current of the collector falls 
to 0.1 from the initial value. Formulae for determining Ty, T,, T, are 
shown in [9]. 


In electric motor control systems, PPK is used, as a rule, at low 
frequencies (of the order of 1000 c/s and below). Therefore, To, T), T>, 

measured in micro-seconds, comprise a small part of the cycle and cannot 

influence performance. One can determine the additional dissipated power 

of the triode, which is caused by the passage of the active point through 
the active range on the basis of the parameters of the equivalent triode 

circuit for range II (Fig.3), which is accurate on the assumptions 

quoted above. 


It is assumed that the Laplace transformation for the current ampli- 
fication factor in a circuit with a common base takes the form: 


a(s) = —*_, (2) 


where 2) is the current amplification factor with zero frequency at point 
N; w, = 2nf, is the limiting frequency for a in rad/sec; S is the complex 
variable for the Laplace transformation. 


EL.T. 2/60 G+ 


If the triode is de-blocked by a base current impulse, which is 
sufficient to reach the boundary between ranges II and III, but not to 
exceed this value, the variation of the collector current may be determ- 


ined by the expression 


i.(j=!/, (1 
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FIG.3. Equivalent triode circuit in the 
active range 


where # is the steady value of collector current; T = 1/(] - aokw, 18 
the time constant of transitional process 


960 
The triode voltage equals: 19S 


a (t)==U,e 


where U. is the voltage of supply source 


The additional power produced in the collector circuit in the pres- 
ence of a single triode connexion and associated with the passage of the 
operating point through the active range, is determined by the equation 


where P, is the load power 


When the triode is disconnected, the time for the disappearance of 
the charge of the minority carriers T, = 0, since the operating point of 
the triode is situated at the boundary of the active range. If the triode 
is disconnected when the base current is equal to fero, the additional 
power produced in the collector circuit in the presence of a single 
triode disconnexion, * 


If, when the switchings are made, the base current is sufficient to 
transfer the operating point to range III or range I, the power which is 
dissipated in the collector circuit is reduced when the switchings are 
made, since the triode enters a range of slight dissipation sooner 
While the charge due to the minority carriers is disappearing, the 
triode is situated in range III and passes a current with a small volt 
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age drop. Therefore T, 1s included in the interval when the triode is 
fully conducting. If a voltage impulse is fed into the base circuit, the 


time constant of the transitional process may be determined by the form- 
ula [9) 


(6) 


r 
w + \ 
r 


where r, is the resistance of the emitter; r, is the resistance of the 


base. 


Thus one can use the following formula to evaluate the maximum dis- 
sipated power for PPK 


where Po = P| + P, is the dissipated power of the triode in saturation 
state (losses at point M cannot be taken into consideration, 
as the triode operates when 7. = 1); 


f(w, + wo) = mf(T/2)P, is the additional dissipated power 
when switchings are made; 


is the instantaneous value of load power at the moment the 
operating point of the triode reaches the boundary of the 


Saturation range; 


m is the number of switchings in the cycle; 


f is the frequency of switchings 


By determining the dissipated power when the operating point reaches 
the boundary of the saturation range, one can guarantee that the triode 
will operate safely when the switchings pass into the saturation range, 
since the dissipated power in the latter instance decreases. In fact, if 
it proves possible to determine T) and T, with sufficient accuracy 
(experimentally or by calculation), the additional dissipated power when 
the switchings are made, may be ascertained by the expression 


P To +P fy T > 


* Editor's note: Actual text reads P. not P) Misprint corrected 
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The relationships obtained are correct for the performance of PPK 
with an active resistance when 


r 
l 
< land a (8) 
where ry is the load resistance; r. is the differential resistance of 
collector circuit in active range; c_ 1s the capacitance of collector 


junction. 


This condition is always fulfilled in the winding circuits of elec- 
trical machines since their resistance is low. 


When there is a counter-e.m.f. F and an active resistance in the 
load circuit, the additional power produced in the collector circuit in 
the presence of a single switching and passed to boundary of the satur- 
ation range, may be determined by the formula 


(9) 


2 


When switchings are made, the transitional process 1s substantially 
varied by connecting considerable inductance (Fig.4) into the collector 
circuit. In fact, when the triode (which one can assume to be without 
inertia). is connected, the current in the collector circuit will 
increase exponentially according to the load time constant T, = £)/r; 
When the triode is switched off, the load current (of the collector) 
cannot fall instantaneously to zero, but will be maintained by the e.m. f 
of self-induction and the voltage on the collector can exceed the max- 


imum permissible value. Here a system of continuous currents can take 


place in a scheme of pulse-width voltage modulation. 


It is possible to make an approximation (Fig.5) for the purpose of 
by assuming that the triode is 


shunted by an ideal discharge resistance Rp, 1.€ has 
“switched on” position and an infinitely great 


analysing the characteristics of Fig. 1b, 
an ideal switch S, 
a zero resistance in the 
resistance in the “switched off” position, if the total e.m.f. in the 
collector circuit does not exceed the voltage drop on the blocked triode 
in the region of high collector currents U.., but if the total e.m.f. 
becomes greater than this value, the voltage drop on Ry remains constant 


and equal to Uv. 


We shall examine pulse-width voltage in such a circuit on the under- 
standing that the time constant of the load is considerably greater than 


the time for the cycle: T, > t,. We shall introduce the following symbols 
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FIG.4. Equivalent circuit of a semiconductor switch 
with an inductive-active load. 


T., = t../t. is the relative time during which triode is switched 


on; 
T off tore/te * l - TR is the relative time the triode is switched 
off; 
T, 2 T,/t is the relative value of time constant of load; 


§ = U/U, is the ratio of voltage of supply source to voltage 
drop on blocked triode in the high current range; 

i is the momentary value of load current (of collector); 

is the relative time elapsing. 


We shall now form differential equations. In the first section, when 
the triode is switched on; 


di 


where L, is the inductive reactance of the load. 


In the second section, when the transistor is switched off (true 


when i > 0): 


+r, i +L, (11) 


We shall find a solution to the differential equations for each section, 
taking the accepted designation into account under the original condi- 


tions shown in Fig. 6: 


In the first section 


t t 


/ 


£(1—e 1) +4, (12) 
\ 


initial 
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Ww 
i 


U, 


FIG.5. An approximation of collector characteristics 


MN - load line 


In the second section 


/ J 
initial 


Having determined the ultimate values of the currents in the sec- 
tions by formulae (12) and (13), taking into account that when 
final and final initial’ and assuming the 


T-@ ty 
we shall discover the mean value 


initial ~ 
segments of the exponents are direct, 


of the load current: 


2 


/ 


2 \l—e 


After the exponents have expanded into a series and simplified by taking 
T,, Into account where 7), < 1, we shall obtain: 
(8—1 + ton) 
av 


Formula (15) is true in a system of continous currents, i.e. when: 
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leinitial 


FIG.6. Transitional process when inductance is present 
in the collector circuit. 


Ton> | (16) 


If this condition is not ful filled, l» in (13) decreases to zero in the 
interval (1 - 7.) and equation (11) becomes invalid. 


In an intermittent current system, i.e. in the interval 
0<7,, < 1-6, the mean value of the load current is hardly off zero. 


In a continuous current system, the power given off by the triode 
into the load equals: 


P (6—1-++). 
r on on 


It reaches a maximum value when 7. * l 


We) (18) 


l.max ry 


The dissipated power of the triode, in the load current of which there 
is inductance, is determined by the formula 


2 


1) -++4,,(2 - 


P 


and reaches a maximum value when 9 1 - 3/2: 


Pp _ 
Pp. @ax 
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# 


FIG.7. a = non-reversible circuit for pulse-width 
modu lation; 


b - control voltage, load current and col- 
lector current 


The utilization factor of the triode equals: 


(21) 


Thus in a continuous current system, which is the most important 
case for PPK in electrical machine control systems, the utilization 
factor and efficiency of the triode sharply deteriorate. 


In order to ensure a performance of PPK with a high efficiency and 
utilization factor in circuits with an inductive load, it is essential 
to prevent the load current flowing through the “blocked” triode. This 
can be accomplished in three ways: 

(a) by creating a detour for the passage of the currents which can 
be maintained by the e.m.f. of sel f-induction; 


(b) by ensuring that it is possible for the load current to flow 
continuously through one of the excited triodes; 


(c) by disconnecting the triode only when the load current is equal 


to zero 


In the first case use can be made of a change in direction of the 
e.m.f. of self-induction when the load current rises and falls. Valve V 
(Fig.7a) is connected in parallel with the load r,, L, opposing the 
voltage of the supply source U.. We shall assume that the valve is ideal 
Then during t,. (Fig.7b), when the triode is connected, the valve does 
not affect the transitional process in the load circuit. The electro- 
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FIG.8. a - reversible circuit for pulse-width 
modulation; 


b - control voltage and load current. 


motive force of self-induction e . is directed counter to U,. Whilk 
triode is switched off in the interval togg, the e.m.f. of self-im 
tion €.¢¢ changes direction and the load current flows in the prev 
direction and makes contact across the valve. The collector curren 


is zero. 


In the second case the property of an excited triode can be u: 
conduct current in both directions. In Fig.8a the load circuit r 

fed from two sources E, and E, through two PPT with a different t 
conduction. Let us assume that in the interval t, the polarity of 
control voltage U. corresponds with that shown in Fig.8a. The p-r 
triode is switched on whilst the n-p-n type is switched off and t 
current increases, (Fig.8b). In the interval t,, the n-p-n triode 
switched on, whilst the p-n-p switched off, and the load current 

counter to E, decreases. By varying the relationship between ty 

is possible to control within broad limits and even reverse the 


current. 


We shall use the third method in alternating current circuits. In 
Fig.9a a power amplifier circuit with an a.c. output is shown. The oper- 
ation of the amplifier is illustrated in Fig.9b, from which it is appar- 
ent that the connexion angle Y can vary up to the boundary of the con- 


tinuous currents, which is determined by cos ¢ of the load: , S yS7 


In all of the examples considered here the efficiency and utiliza- 
tion factor of the triode remain as high as when PPK is operating on a 


purely active load. 


Fig. 10 shows oscillograms of voltages and currents, the behaviour of 
which corresponds to the curves in Figs.7b, 8b, 9b, which entirely 
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FIG.9. a = power amplifier with a.c. output; 


b — supply voltage, control voltage and 


load current 


b 


— 


LALF 
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FIG.10. Oscillograms of voltages and currents 
a - in circuit of Fig.7e 
b - in circuit of Fig.8e 


- in circuit of Fig.9%a 
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confirms the proposition expounded above 

By using methods well-known in semiconductor engineering in order t« 
generate specially shaped impulses for the control of PPK, it is possible 
to construct different control systems for electrical machines on the 


basis of the prim iples set out above 


Appendix 


The calculation of the maximum dissipated power in the triodes of 


the amplifier in Fig.9a 


The parameters of the triodes correspond with the data shown earlier: 


60 5 f = 50 c/s; r, = 14.3 
f = 150 ke/s; L, = 0 


2 
In each half-period with a variation of the mains voltage the operating 
point of the connected triode is moved along the saturation line ON 
(Fig. 16). The power supplied by the triode into the load, and the dissi- 


pated power depend on the connexion angle y 


Then when y = 0: 


(on each of the triodes) 


Prov = 0.01 P, +  =09%3 


where 


1,), 0.04. 150.108 
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Operation of a semiconductor switch 


==-0.232 W (G) 


P max = 0-518 + 0.232 = 0.85 W. (H) 


It is apparent that at any connexion angle y, the dissipated power 
will be less than 2.5 W. Therefore it is possible to use triodes without 
heat dissipating radiators 


Translated by J.F. Boyland 
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OVERVOLTAGES WHEN TRIPPING TWO-PHASE 
SHORT CIRCUITS* 
F.A. LIKHACHEV 
ORGRES 
(Received 27 September 1958) Be 
60 When two-phase short circuits are tripped in a circuit in which an 
unloaded transformer has been connected, the magnetizing current of the 
7 transformer has to be broken by a circuit breaker. If at the moment of 
; disconnexion the magnetizing current passes through the maximum value, 
. dangerous overvoltages arise, the probability of which is quite large . 
in power systems. The damage associated with the overvoltages to the : 
insulation and circuit breakers, frequently occurs. 
The actual reasons for this type of excess voltage have as a rule, 
remained unestablished. The damage, caused here, has been explained by 
the weakening of insulation in operating conditions and inadequacy of 
arc-extinguishing power in the chambers of the circuit breakers. 
In this article results of the analysis of the above excess voltages 
| are produced which practically enable their level and character to be 
' assessed and possible precautionary measures to be noted. 
: Let us examine the conditions for the emergence of excess voltages, 
their causes and also possible levels in an actual example of a fault —— 
: which has in fact occurred in one power system. 
Up to the time when the fault occurred the transformer of substation 3 
; A (Fig.1) had a load of 3 MVA(cos ¢ = 0.8). A 15 kV line, connecting 
r substations B and A, was connected to the busbars of substation B. On 
; the highest voltage side of the transformer of substation A, a two- 
phase short-circuit, operating from gaseous protection, is located. ie. 
* Elektrichestvo No.5, 72-77, 1959 
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Substation B 
| Substation 


When the tower on the 15 kV line fell the phase M conductor broke 
away from the rod insulator and was suspended in air without touching 
the ground. The phase L conductor broke and both of its ends fell to 
the ground. One end (on the substation A side) of the broken phase K 
conductor was suspended in air and the other fell to the ground. The 
excess voltage resulting from the contact of phase L with earth caused 
the damage to the phase K current transformer and a two-phase short- 
circuit across the earth between phases K and L, which was neither cut 
off by the 15 kV breaker nor by the 60 kV breaker. The former did not 
trip it because there was no current transformer in phase L, and the 
latter because the short-circuit current was lower than the current 


setting for maximum current protection 


While the transformer of substation A supplied the position of the 
short-circuit, the greater part of the industrial load of substation A 
was cut off because of the reduction in voltage. As a result of the 
breakdown of the faulted oil-filled current transformer the arc* which 
earthed phase K was extinguished, but a short-circuit between phases M 
and L arose immediately behind the transformer of substation A. The 
short-circuit current increased, and substation A was disconnected from 


the effect of maximum protection on the regional power station side. 


In this way, a two-phase short-circuit occurred immediately behind 
the transformer of substation A and its disconnexion took place at the 
time when the transformer of substation A was almost unloaded. 


Inasmuch as one can assume that phase K of the lowest voltage trans- 
former winding in substation A was broken, after the emergence of the 
short-circuit only the magnetizing current I, will flow in that same 
phase of the maximum voltage winding. The magnetic flux in the core of 
this phase he changes neither in volume nor in direction. In the cores 


* Cases, when explosions of cable junction boxes, breakers or other apparatus 
extinguish one arc and are responsible for the emergence of other arcs, are 


not uncommon in operation 
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FIG. 2 


of phases M and L the components of the magnetic fluxes ¢, and a are 


entirely excluded, as the short-circuit currents oe" and ‘*; are 
in counterphase with them (Fig.2). As a result, the circuit reactance of 
two-phase short-circuit currents decreases to the volume of dispersion 
reactance. 


In the cores of phases M and L only the components of the magnetic 
fluxes gy and ¢ remain, which are practically equal to Py 9 and are 
directed to the opposite side relative to current ¢. Consequently, the 
magnetic flux ¢, is as though equally distributed between the cores of 
the faulted phases. 


The magnetizing currents are also distributed between the phases of 
the winding of the maximum voltage at substation A. If the magnetizing 
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current A flows in phase K of the winding, then magnetizing currents, 
which in volume are equal to Iy/2 will be passed in phases M and L, but 
in phase K the magnetizing currents will be opposite in direction to I 


In this way, the circuit of the magnetizing currents can be examined 
irrespective of the circuit of the two phase short-circuit current. If 
phases M and L are combined, we shall obtain a single-phase equivalent 
circuit for the magnetizing currents’ circuit, represented in Fig. 3 


The voltage between phase K and phases M and L or, which is exact ly 
the same. the voltage applied to the equivalent circuit obtained by us 
is equal to 1.5 | The total of phase voltages (Fig. 2) 

Up * - 0 9U,- 9 5 U. = 0, i.e. the voltage in the 
neutral conductor of the transformer of substation A, as also in the 
neutral conductor of the supply system with a two-phase short-circuit 


is equa | to zero 


The reactance of the equivalent circuit (Fig.3): 


wl 


If we denote the capacitance of the supply line phase relative to 
earth by C. and assume for simplicity that the inter-phase capacitance 15 
equal to 1/5 C, then the total capacitance connec ted in parallel to the 


inductance of the equivalent circuit 1s 


The magnetizing current | is displaced in relation to the short 
circuit current and consequent ly. the voltage applied to the equivalent 
circuit is also displaced by 90°. Therefore, if the circunt breaker 
breaks the short-circuit current when it passes through zero, the break 


in the magnetizing current | occurs at the moment it reaches a maximum 


value. At this moment the power reserve of the magneti: flux dy will be 


at a maximum and it is expended on charging all the capacitances, owing 
to which excess voltages arise between phase K on the one hand and 


phases M and L on the other 


The maximum power of the magnetic flux 
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(on 


but since 


If one considers that at the moment when the short-circuit current 
breaks, both the inter-phase capacitances and also the capacitances 
relative to earth are uncharged, since inter-phase and phase voltages 
are equal to zero, then the electrostatic energy, into which the energy 
of the magnetic field is transformed, can be expressed in the following 
way; 


Equating W .,, to Wo, we shall find the inter-phase overvoltages: 


j 23 a 2U (1) 


(1") 


where f, is the frequency of the natural oscillations of excess voltages: 
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The excess voltages relative to earth will be inversely proportional 


to the capacitances of the phases relative to earth: 


in phase K 


0 
ov A 


in phases M and L 


A 


1960 


An appraisal of excess voltages should be made taking into account 
the voltage of the non-loaded transformer which actually occurred before 
the two phase short-circuit emerged. In the case we are examining the 
voltage in substation A amounted to 68 kV before the two-phase short 
circuit emerged: 1.¢e 8 per cent above norma | From magnetization curves 
with direct current for transformer stee! E4AA it is not difficult to 
establish, that at this voltage the magnetizing current will be ee 
times greater than normal and will amount to 10.5 A. With a phase volt 
age of 39 kV the capacitive current in each phase ol the supply line 
I, = 1.7A. If these values are substituted in formulae (1), (2) and (3) 
we shall obtain the following excess voltage values U.. = 3 U 


Generally excess voltages will be the greater the smaller the 
capacitance o! the supt ly line and the greater the power of the trans 
former. If in the case we are examining the breaker, which disconnected 
the two-phase short-circuit were not in a regional power station, but in 
substation A then the excess voltages would be at a maximur as in 
determining them only the capacitances of the transformer windings in 
relation to earth would be taken into consideration. For example, when 

the excess voltages { 


, 


When an earth contact emerges at the same time as a two-phase short 
circuit in any of the supply line phases the disconnexion will be accom 
panied by excess voltages only in phase K, if the earth contact arose in 
phase 4 or L, or only in phases W and L if the earth contact arose in 
phase K. In the first case, the total capacitance Co = 14 CC. and in the 


second C = { f Accordingly the excess voltage in phase 
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in phases M and L 


ft, 
0.8U, 7: (5) 


Excess voltages can take place in the case when a two-phase short- 
circuit (with or without earth) arises, for example, between the 35 kV 
incoming leads of a three-winding 110/35/6 kV transformer with a star- 
star-delta winding connexion and is disconnected by a 110 kV breaker 
The 6 kV delta winding has no influence on the current of the 110 kV 
winding, since the total e.m.f. induced in its phases with a two-phase 


short-circuit is equal to zero and current is absent in the winding 


The excess voltages examined above occurred when a two-phase short- 
circuit was disconnected beyond an unloaded transformer. But excess 
voltages may also arise when two-phase short-circuits are tripped in 
the supply line, to which is connected an unloaded two winding trans 
former with a star-star or star-delta winding connexion, or an unloaded 
three-winding transformer with a star-star-delta winding connexion 
Conditions for the emergence of excess voltages in this instance may 
appear during a thunderstorm, when a two-phase short-circuit (with or 
without an earth) due to an impulse flashover arises in the supply line 
or in the incoming transformer leads after the load of the transformer 
has been switched off. These excess voltages can arise in systems with 
both a dead-earth and an insulated neutral conductor, and also in 


systems with capacitive current compensation 


Secondary transformer windings have no influence on the volume and 
phase of the current in the primary winding, as when a secondary cou! 
is star connected it is broken, and when it is delta connected the total 
e.m.f., as already noted, is equal to zero. The equivalent circuit for a 
magnetizing current circuit with a two-phase short-circuit in front of 
an unloaded transformer will be the same as that in the case when a two 
phase short-circuit is tripped behind the transformer. When estimating 
the magnitude of excess voltages, the magnetizing currents and capac 
itive current are taken to be the same as those in the case of a fault 


behind the transformer 


The probability of the excess voltages under consideration emerging, 
is also extremely great in those cases, when two-phase short-circuits 


are tripped by fuses, fixed on the side of the supply source. In these 
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af 


instances a flashover on the fuse holders is possible as well as damage 


to the transformer winding 


The appearance of short-circuit turns in one of the phases of the 
transformer winding when the two-phase short-circuit is tripped leads to 
the exclusion of the magnetic flux from that part of the core, where the 
short-circuit turns are situated. As a result of this there is a reduc 
tion of reactance in the magnetizing current circuit. and a considerable 
increase in this current and in the excess voltages under consideration. 
The most serious is the case, which is possible in practice, when the 
winding in one phase is entirely closed as a result of the flashover 
between the insulated incoming lead of the neutral conductor and the 


ad jac ent incoming line lead for the transformer 


When a turn fault is present in phase K of the transformer, voltage 


Up appears on its neutral conductor. If, for instance, U) = 0.75 U,. the 


voltage in phase K (Fig. 4a) 


and the voltages in phases M and L 
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Ll = 0.51 9 U 


>= — 1.25U 
p 


With such voltages the magnetizing currents in each of the M and L 


phases of the transformer in substation A increase H'/H' times and will 
equal 37.7 A, and the current in phase K will equal 75.4 A. By formlae 
(1), (2) and (3) it is not difficult to determine, that the inter-phase 


excess voltage, linked with the break in this current, a = § U,. and 

the excess voltages relative to the earth U’ =5.3U,U' = U’ = 

ov.K p ov.M ov.L 


The appearance of a short-circuit turn in one of the M and L phases 
of the transformer (Fig.4b,c) leads to the emergence of the voltage Up 


in the neutral conductor. If, for instance, U, *- 0.25 U_, the voltage 
in phase K Us U, and in phases M and L Uy = = - 0.25 the 


magnetizing current in phase K of the transformer of substation A will 


be equal to 37.7 A, and the overvoltages i = 5.7 U,. 


of the 


effect of two-phase short-circuiting devices, intended for switching out 


The excess voltages under consideration may arise as a result 
impasse substations without circuit breakers and which can be installed 
at the transformers on the supply line side. Short-circuiting devices 
often operate from the gas protection of transformers. Inasmuch as turn 
faults in transformer windings are an extremely widespread form of fault, 
cases may occur, when the transformer on the load side will be switched 
off before short-circuiting devices come in operation. In consequence 
conditions are produced, which are favourable for the emergence of excess 
voltages, the level of which will be higher, the greater the magnetizing 
current is increased due to the presence of the turn fault in the trans- 


former. 


Oscillographic measurements confirm the accuracy of formulae (1), 
(2) and (3) for the levels of excess voltages arising when two-phase 
short-circuits are tripped in front of or behind an unloaded transformer, 
if the transformer winding has no turn faults. When turn faults are 
present the evaluation of overvoltage levels by formulae (1), (2) and 

(3) will take somewhat longer, since the range of the magnetizing cur 
rents in this case is in the region of rather powerful saturation of the 


magnetization curve 


One can visualize the danger which the excess voltages under consid- 
eration represent for transformers and switches on the basis of the dam 


age caused to these devices resulting from the faults described above 
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Phase Phase L Phase K 


to bus-bars 


FIG.5. Fault in a 60 kV expansion breaker 


Metal drops; 

2 - Extinguishing chamber burns 
(area up to circumference) 

3} - Bakelite burns (*s height and 


circumference); 


4 - Strong fusion; 1960 
5 - Traces of soot; 
6 = Traces of a burn; 


Weak fusion; 
Fusion; 


Destroyed insulators 


After the breakdown it was ascertained that the short-circuiting 


device in substation A was switched on, which indicated internal damage 
to the transformer. When the transformer was opened it was discovered 

that in phase 4 of the 60 kV winding the connexion between the outgoing 
load of the winding and the capacitive ring had burned out, in phase L 
of that same winding the connexion between the capacitive ring and the 
insulator was melted, in phase L of the 15 kV winding there was a turn 
fault and traces of heating in the upper yoke, and that the insulation 
of the bolt for the upper yoke on the phase M side was damaged 


When the 60 kV expansion breaker was opened it was discovered that 


the extinction chambers M and L were crossed and extensively burned, 
(Fig.5), the support insulators with the fixed contacts of the divider 
were destroyed by the effect of the arc and dynamic forces in the 
presence of a short-circuit on the 60 kV bus-bars, and the blades of the 
dividers for phases 4 and L of the breaker were fused, which indicated 
that the arc had burned between the jaws and the blades. There were no 
traces that the arc had burned for a long time in phase K of the breaker, 
(in the chamber and on the blade) 


Owing to the short-circuit on the 60 kV mains bus-bars, all its gen 


erators were cut off. The mains were isolated from the system and shed 


all the load apart from its own requirements 
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FIG.6. Voltage variation through time when a_ two 
phase short-circuit is tripped (a) and voltages 
Operating in inter-contact gaps of the breaker (6) 


After the break, the currents in the gaps between the breaker con- 
tacts influence, on the one hand, the recovery voltage of the supply 
system, and on the other, the excess voltages described above, the max- 
imam value and rate of increase of which depend on the frequency of 
their natural oscillations. It is extremely probable that as soon as a 
quarter of the period (7,) of natural oscillations has elapsed after the 
arc has been broken, i.e. at the moment when the specified excess volt- 
ages reach a maximum, the dielectric strength of the gaps between the 
contacts does not succeed in increasing to such an extent as to with- 
stand the influence of difference in potentials. A re-ignition of the 
arc takes place in the first place between the phase contacts of the 


breaker, disrupting only the magnetizing current (in our case phase K) 
which causes oscillations and a sharp increase of overvoltages in the 
other two phases. As a result the arc re-ignites beiween the contacts 


of these phases in the breaker (in our case phases M and L). The inten- 


Sive ionization of the gaps between the contacts contributes to the 
re-ignition of the arc between the contacts of the two other phases of 


the breaker 


Re-ignitions lead to voltage cuttings, which is extremely dangerous 
for the turn insulation of transformers, to magnetizing current shocks 
which make the operation of the breakers difficult and considerably 


increase tripping time 
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It is not difficult to ascertain that in the case considered above 
(Fig. 1) with a magnetizing current of 10 5 A and a capacitive current of 
1.7A. i.e. when short-circuit turns in the transformer are absent, the 
frequency of natural oscillations of the excess voltage on the side of 
the line to be tripped amounts to 100 c/s, but when a short-circuit 
turn is present in phase L of the transformer, if U, = - 0.25 U.. it 


amounts to 185 c/s 


Let us assume that the voltage of the supply system recovers with- 
out oscillations, since the inter-phase capacitances of the supply 
system are large. Then, if the magnetizing current breaks at the moment 
when it passes through the maximum value and the short-circuit current 
passes zero (Fig.6), the voltages between the breaking contacts of the 
breaker through a quarter of the period of their natural oscillations 


after the current break may be expressed in the following way: 


| sin 


where , and are the amplitudes of the overvoltages on 
the side of the line to be tripped; T, and T is the period of natural 
oscillations for the voltage on the side of the line to be tripped and 


period of line frequency voltage; © 15 the attenuation decrement of the 


oscillations 


As is applicable to the case desc ribed above (Fig.l) the voltages 
between the breaker contacts, as shown in Fig.6, will be equal to: 
Uy= 2 U, (e d); AU, 0.74 U, 2.71 U, (a 6). When 
a short-circuit turn 1s present in the transformer these voltages are 


considerably higher and the operation of the breaker will be still more 


difficult 


Even when the attenuation due to the losses in the transformer, of 
the natural oscillations of the excess voltages is taken into consider 
ation. the excess voltages remain fairly high in the resistance of the 
arc in the chambers of the breaker with the appearance of corona and 
also in our case with the presence of a certain untripped load. Thus, if 


for the case represented in Fig.1, the active losses are taken to be 
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equal to 10 per cent of the power of the magnetizing current, and the 
active load to be 10 per cent of the power of the transformer, then the 
magnitude of the overvoltage taking attenuation into consideration will 
be approximately 66 per cent of its value without taking attenuation 
into consideration. However the absolute magnitudes of excess voltages 
all remain fairly high. Thus, inter-phase excess voltages taking attenu- 
ation into consideration are 3.75 U_, and excess voltages relative to 
earth in phase K are 2.5 U, and in phases M and L 1.25 U,. 


Thus, the working conditions of breakers in the case under consider- 
ation in this article are considerably more difficult than, for instance, 
in the case of disconnecting an unloaded line, when the voltages on the 
contacts of the breaker increase with the line frequency, and maximum 
values can only be reached after half of the period after the breaking 
of the contacts has elapsed. Towards this time the dielectrical strength 
of the gap between contacts in modern breakers with high speed opening 
of the contacts and effective means of extinguishing the arc can reach 


2 U,. when re-ignitions of the arc are hardly likely. 


The conditions for disconnecting an unloaded transformer by a 
circuit-breaker in the case we are examining are more difficult than for 
disconnecting an unloaded transformer in the absence of a two-phase 
short-circuit, since in the latter case the break of the magnetizing 


current as a rule, occurs at values near zero 


Although the presence of an earth fault on the side of the tripped 
line, especially in the short-circuit phases (in our case phases M and 
L) leads to an increase of the overvoltage in the unfaulted phase (in 
our case phase K), it however consider ably facilitates the operation of 
the breaker, since after the break in the current the earthing arc con- 
tinues to exist on account of the free current of the circuit and the 
voltage relative to the earth 1s near to zero The voltage on the con- 
tacts of the faulted phases is caused only by the recovery voltage of 
the supply system. Apart from this with two-phase short-circuits with 
an earth. the valve dischargers fixed at the tripped line end limit the 


inter-phase excess voltages, which 1n the case under consideration 


represent excess voltages relative to earth, if the capacitances of the 
line to be tripped and the power of the transformer to be tripped are 
When the capacitances of the line and the power of the 


not very great 
transformer are greater, the discs of the active resistances of the 


dischargers may be faulted due to overloading of them by the capacitive 


line discharge current 


When the earth fault is absent on the supply line end, the voltages 


on the contacts of the breakers may reach values sufficient for the 
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breakdown of the gaps between the contacts sooner than the spark gaps of 
the dischargers function, (suppressors). In this connexion the use of 
short-circuiting devices in impasse (dead end) substations situated in 
networks with insulated neutral conductors or with compensation of the 
capacitive currents which do not earth the \ losed phases, is permissible 
onlv when the level of the excess voltages during their operation does 


not exceed 2.5 U. In those cases when the level of excess voltages 


during the operation of such a two phase short-circuiting device is 


higher than 2.5 [ in impasse substations situated in networks with 
insulated neutral conductors and with compensation of capacitive cur 
rents, three-phase short-circuiting devices must be used. Here the prob 
ability of excess voltages appearing 15 completely eliminated, as with 
two-phase short-circuiting devices with an earthing system for the phases 


to be closed 


In networks with a dead-earthed neutral conductor the excess volt 1960 
ages described in this article may be the result of the effect of the 
single-phase short-circuiting device, if the transformer of the impasse 
substation in which a short-circuiting device 1s fixed has an insulated 
neutral conductor. But in this instance the insulation of the transformer 
and substation is protected by valve dischargers, (suppressors ) 


The type of excess voltages under consideration in this article must 
be also prevented by increasing the reliability of circuit breakers for 
the tripping of smal! inductive currents by good adjustment of the 
breakers. by shunting the extinction chambers with active resistances or 
capacitances. These measures are also useful for disconnecting no load 


lines and transformers by circuit breakers 


As shown above the excess voltages will be at a maximum if the 
moment when the magnetizing current breaks at its maximum value coin 
cides with the moment when the short-circuit current 15 disconnected as 
it passes zero. The likelihood of suc h a coincidence is greater, the 
greater the dependence of the rate of increase of the dielectric 
strength of the inter-contact gaps of the breaker on the current to be 
broken. In switches without extinction chambers or with deionized grids, 
the likelihood of the coincidence is less, as when the short-circuit 1s 
disconnected the extinguishing of the arc takes place during a compara- 
tively long interval of time of 0.07-0.1 sec, while the magnetizing cur- 
rent may be broken during a time of 0.05-0.07 sec Conversely, in 
breakers with oil blast chambers (“G-35, MG-110, VKP- 160, expansion 
breakers, etc.), as a rule, the coincidence mentioned occurs. In the 
chambers of these breakers the blast 1s so intensive when large short- 
circuit currents are disconnected, that the are 15 extinguished during 
0.01-0.02 sec., whereas the time for extinguishing the arc when smal] 
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currents are disconnected reaches 0.05-0.07 sec. In air blast breakers, 
the likelihood of the coincidence mentioned should also be anti: ipated, 
since the fast-growing pressure in the extinction chambers and the high 
speed of the divergence of the contacts ensure the break in the short 
circuit current in the first or, failing this, in the second half of the 


period after the opening of the contacts 
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No.5, 1959 


Founder of the science of power engineering in the Soviet socialist 
economy. G.M. Krzhizhanovskii (pp. 1-4). 

The article tells the story of Mr. Krzhizhanovskii’s life, giving his 
aims and works. He is a prominent personality in the field of power 
engineering. He has played a great role in State planning and he has 
been the author of numerous books dealing with the power resources of 


the various regions of the U.S.S.R. 


Transients in complex three phase circuits with rotating machines 
O.V. Mamontov (pp. 5-9) 


The author expounds a method of calculating the transient processes in 


complex circuits containing rotating electrical machines with a smooth 
rotor and distributor winding, based on the use of the Fourier integral. 
He considers the determination of the frequency characteristics of the 
circuit and gives two simple numerical examples of the calculations to 
enable the results of the proposed methods to be compared with the 
‘‘operator” method. 


The optimal way of regulating the excitation of synchronous generators. 
G.V. Mikhnevich and G.F. Kozlovskii (pp. 10-13). 


The authors consider that excitation regulators are called upon to per- 
form functions which are often contradictory. Accordingly, a study is 
made of principles which make it possible to evaluate the different 
systems of regulation with general or common positions and to develop a 
method of determining the optimum law of product regulation, taking into 
account the basic and relative movement of the generators of a station 
with a number of turbogenerator groups. The properties of a power regu- 
lation system and the choice of the optimum method of regulation are 
considered mathematically and by means of diagrams and tables. The regu- 
lation of excitation is considered as a multi-contour system. The pro- 
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posed synthetic method of analysis enables the structural properties of 
the system to be utilized and the region of stability to be broadened. 
The system of stabilization both for basic and relative movement 1s 
based on the use of the products of both the general and the individual 
parameters of the system. Further investigation should be devoted to 
stating the method of accounting for the damping contours of a machine 


in a system with power regulators 


The electrical characteristics of high-voltage mercury arc valves. 
A.A. Sakovich (pp. 14-17) 


To increase operating reliability for high direct voltage transmission, 
the author considers improvements to converter schemes for limiting the 
currents and voltages in fault conditions and ways and means of recti- 
fiers maintaining currents and voltages in fault conditions. Certain 
results of tests are set out in respect of investigations connected with 
the passage of large currents through the rectifiers division of the 
gap electrode voltage to be blocked in the rectifier with a sectioned 
anode unit and overvoltage in the auxiliary electrodes. The tests were 
made on BR-1 and BR-3 mercury-are rectifiers on a power stand in a three- 
phase scheme with a neutral, operating in short-circuit conditions on a 


reactor 


Using independent and shunt excited generators in a motor-generator set 


lu. R. Reingol’d (pp. 22-24) 


A small reduction in the power of excitation for generators leads to a 


substantial reduction in weight and size. For this purpose, the power of 
an independent excitation winding can be reduced by the application to 
the generator-motor system of generators having an additional parallel 
winding of self-excitation. Such an additional parallel winding also 
affects the dynamic quality of the generator, dae pending on the choice of 
parameters of the parallel circuit. The author proceeds to find the 
relationships which enable the speed and quality factor of a generator 


to be determined directly as a function of the distribution of excita 


tion power between the independent and parallel circuits. As regards the 
construction of a generator with an additional parallel winding, no 
alterations in design are required, in so far as the coils of the main 
poles for improving the cooling are usually made in the form of separ 


ate sections 


Designing magnetic amplifiers with a resistive-inductive rectified load 
A.G. Zdrok (pp 5 ] 
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In circuits with semiconductor rectifiers and active-inductive load 

the shapes of the voltage curves on the operating windings of a magnetic 
amplifier and the e.m.f. of self-induction differ considerably from the 
sinusoidal. In order therefore to calculate the magnetic characteristics 
in the volt-ampere characteristics or vice-versa, 1t 18 necessary to 
know the coefficients of the shapes of the curves of the e.r f. of self 
induction for all the actual operating conditions of a magnetic amp |i - 
fier. The mean values of the e.m.f. of self-induction are simply con- 
nected with magnetic induction. Thus, calculations are considerably 
simplified if use is made of these values. The author considers the 
operation of circuits with linear and non-linear inductances, connected 
to the input to a rectifier bridge and a method is proposed for determ- 
ining the basic design parameters of magnetic amplifiers, (case of large 
load inductance co L, ?5 r;) The proposed method is applicable to any 


type of transformer steel 


A comparison of several motor-drive systems for the EXG-8 excavator 
VI. Iakovlev, M.M. Sokolov and V.M. Terekhov (pp. 36 42). 


The comparison is based on experiments carried out in the Moscow Elec- 
trical Engineering Institute and in industry on FKG-8 excavators Nos. | 
and 3. Besides the established generator-motor system with amp lidynes 
and magnetic amplifiers, the generator-motor system with a multi-winding 
control exciter and the generator-motor system with a magnetic power 


amplifier were also investigated These systems are compared, with 


special reference to transient processes The third system is considered 


to be the most progressive and advanced The second system 1s superior 


to the first system 


Calculating short-circuit currents in a rural power system A.P. Kor 
ushkov (pp. 42-49) 

Especially because of the sharp charge of frequency, the effect of 
excitation forcing is so distorted that calculations of short-circuits 
are impossible on the usual assumptions The planning of relay protec- 
tion requires more accurate calculations The author attempts to give a 
method of taking into account the properties of rural power stations 
when calculating short-circuit currents for the purpose of relay protec 
tion. The method refers to hydro-electric stations since these are the 
most widespread form of rural stations The most unfavourable case for 
the operation of relay protection 158 examined, where the operation of 


the station is isolated 
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Real load distribution between power stations for a given fuel consump- 
tion. V.M. Sin’kov (pp. 49-53). 


The principle of equal relative increments of fuel consumption enables 
the minimum consumption of conventional fuel in power stations to be 
obtained in any period. However, this principle connot always be applied 
as power systems and stations use different kinds of fuel with different 
costs. The theory of this problem has been expounded by V.V. Bolotov and 
VM. Gornshtein elsewhere and so the author limits himself to the prob- 
lem of the distribution of the active load for a desired fuel consump- 
tion. Here he advocates the idealization method of consumption charac- 


teristics. An example of the method is given. 


Some considerations about the parallel operation of d.c. and a.c. lines. 
S.R. Buachidze (pp. 54-56) 

A study is made of the main moments of the problem of the parallel 
operation of d.c. and a.c. lines He extends certain previous work (for 
instance Boichidze’s article in Rev. Elec. April 1958), on the regula- 
tion of an inter-system line to the case of the operation of ad.c. line 
inside the system itself. He considers the equivalent circuit of d.c. 
transmission, synchronization of the a.c. transmission system, regula- 
tion of the real power which can be transmitted and its distribution 
between a.c. and d.c. transmission, regulation ‘of reactive power during 
transmission, short circuit currents and the synchronous stability of 
the system. He concluded that the parallel operation of a.c and d.c 


operation can be justified in definite cases. 


Conditions for the use of optimal automatic regulators. ©.G. Varshav- 
skii (pp. 57-59) 

One of the most important indices of the quality of an automatic control 
system is its speed. It is known that by using optimum regulators which 
take into account the limitation of the desired co-ordinates of the 
system, it is possible to reduce the time of a transient process consid- 
erably, compared with regulation by the usual methods. To produce an 
optimum controlling device it is also necessary to use non-linear con- 
nexions. Yet this increases the complexity of the regulator. This prob- 
lem is studied on the basis of the simplest system when the desired part 


of the regulation system can be described by an equation of the second 


order 


Calculating the frequency-doubler performance on no load. 
V.A. Raiushkin (pp. 66-67) 
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When planning the frequency-doubler, working as a metering transformer 
and also in certain other cases, it is necessary to determine the no- 
load conditions. The author proposes comparatively simple analytical 
expressions to determine in a clear form the higher harmonics of induc- 
tance and voltage for the doubler in no-load contitions. E.V.F. of even 
harmonics are induced in the secondary winding of the doubler. The spec- 
trum of these e.m.f’s contain the second, fourth and larger even har 
monics. The relationship between them depends to a large extent on the 


supply voltage and the magnetization current. The author proposes a 


comparatively simple and practical method of analysing the no-load state 


of the frequency doubler which enables the fourth harmonic to be taken 
into account. The results obtained by this method compare favourably 


with the experimentally obtained data which are quoted 


Properties of the propagation of a homogeneous cylindrical electro 
magnetic wave. E.S. Kaplan (pp. 68-69) 


A study is made of the propagation of a homogeneous cylindrical electro- 
magnetic wave in a conducting medium which surrounds the core conductor 
of a cable which is insulated from this medium (for example, in the 
external cover of a co-axial line or in sea water around a single-core 
submarine cable). The author assumes that the field of the wave only 
varies in strength and phase along the radius and that the thickness of 


the cover (or laver of sea water) is enough to attenuate the wave 


A transition equation for conductors suspended at different heights 
F.P. Matveev (pp. 69-71) 


The transient equation for conductors with points of suspension at the 
same height, if only atmospheric conditions vary, is not applicable to 
cases when the conductors are suspended at different heights. It is 
therefore, necessary to know the transient equation which will take into 
account the effect of different heights on voltage variation during the 


transition from one state to another. The author discusses five such 


equations and tabulates the results of the calculations by these methods 


for purposes of comparison 


Automation of nine winder installations with speed regulation by means 
of low frequency. L.G. Zhivov (pp. 78-80) 

A wide variation of load (torque + 100% VM), is characteristic of pit 
winder installations. The speed diagram of a winder gear has four per 
iods: acceleration, constant maximum speed, deceleration and decking 


The period of deceleration is basically the same as acceleration, but 
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decking should be at a low speed (0.1-0.2)m/sec, with the motor on a 
mechanical characteristic parallel to the axis of the abscissa. The 
author briefly refers to other attempts to automate such processes and 
then concentrates his attention on the experiments with his own gear at 
the Krivbass colliery in 1957-1958. Here the installation was 100 kW. 
During deceleration and decking the induction motor was swit¢ hed to a 


low-frequency voltage f = 3./5 c/s) so that although the maximum speed 


was 3 m/sec, the creep speed was 0.20-0.23 m/sec 


How to obtain the constant gain factor of a rotary amplifier when oper- 
ating with an electronic amplifier. K. Karpenko (pp. 80-82) 


Since the indication of no load characteristic of a rotary amplifier 
(autodvne) is initially less than maximum, the coefficient of amplific- 
ation is not constant and has a considerably reduced value in the 
presence of weak signals. Certain measures can be taken to improve neg- 
ative feedbacks. but these afford no opportunity to narrow the hyst- 
eresis loop and have practically no effect on the angle of inclination 
of the no-load characteristic in the initial part. The author therefore 
presents the no load characteristics in the form of three segments of 
straight lines. The determination of the electronic amplifier character- 
istic is illustrated graphically. Certain shortcomings of the electronic 
amplifier are then described but the combination of this amplifier in an 


autodyne circuit enables the accuracy of control to be in reased. In 


particular, the amplifier can be used in schemes with a fixed signal 


polarity when the effect of hysteresis 1s negligible 
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RESEARCH ON A MODEL IONIC CONVERTER FOR AN 
ELECTRIC LOCOMOTIVE IN INVERTER AND 
RECTIFIER SYSTEMS* 


ZAVALISHIN. S.V. ZAKHAREVICH 
and V.A. TIKAN 


Electromechanical Institute of the Academy of Science 
of the U.S.S.R 1960 


Received 27 October 1958) 
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One of the most far-reaching systems for a.c. electric locomotives 1s 


the system of ionic converters using ignitrons or excitrons 


Electric “O-type locomotives which are constructed in the U.S.S.R 
underwent a series of tests on the Ozherel’-Pavelets line. These tests 
were only carried out in a rectifying systen i] since there was no 
means of switching the ionic transformer into an inverted system. At 
that time it was urgently necessary to transfer the ionic transformer of 


the electric locomotive into an inverted system to ensure recuperative 


braking 


The results of experimental investigation and analysis of inversion 


in a model circuit of an ionic transformer for a NO-type electric loco 


motive are reproduced in this article 


The first research problem was to obtain the basic characteristics 
of a transformer in an inverted system; that is, the greatest possible 


amount of power restored to the circuit by the electric locomotive; the 


power factor; the values of voltage in the current collector of the 


electric locomotive and the pulsation factors of the rectified current, 
etc. The precise determination of these characteristics by analytical 
means is difficult, if the necessity of calculating active resistances 


is taken into consideration 


* Blektrichestvo No.6, 1-8 
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Uses have been found for a circuit with a neutral transformer tapping 
and a bridge circuit of transformation in mercury-transformer electric 


locomotives and railway motor units 


By combining a number of the parameters of the contours connected in 
series and also by taking into account the different role in the process 
of commutation of the resistances of the primary and secondary circuits 
of the transformer for the circuit with the neutral tapping, it is pos- 
sible to obtain the equivalent calculated circuits, represented in Fig, l* 


As investigations proved [2], the distribution of the parameters of 
the contact network had little influence on the basic power line and 
were not taken into consideration in this work. 


We have the following expressions for the generalized parameters: 


(a) for a circuit with a neutral transformer tapping (electric NO 


locomotive transformation circuit): 


X,=x+ 54,» 


E’ = E + du; 


(b) for a bridge circuit of transformation: 


where the parameters are designated by the subscripts “ss”, “cc”, “kl” 
and ‘‘k2” and belong to the substation, contact circuit, primary and 


* The values of the magnitudes of the primary circuit of the transformer in 
Fig.1 are assumed to have been reduced to the number of phase turns in the 


secondary coil. 


R, Tha th 
X,=<, 
R, == f 
‘ 
E' = + E+ 2hu, | 
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secondary windings of the transformer respectively; subscripts for the 


parameters of the direct current circuit are not shown 


Parameters of an original and a model 


An electrodynamic model of the power circuit of an NO electric loco 
motive has been rigged up in accordance with the modelling speci fica- 
tions. The following initial values were accepted for the parameters of 
the electric locomotive and supply system (excluding those for the 
secondary winding of the transformer): 

E, = ¥2.22 kV; = 1740 A; = 4.86 


= x 0.551 r = 0.22/ 


Ss 


cc 


transformation ratio be = 290000/2060 = 9.72; x = 1.67 = const; 


r 49] 


When the transition into the inverted state in the circuit of each 
traction machine takes place it is necessary to connect ballast resist 
ances both to evenly distribute the loads between them and to ensure 
stable operation of the inverted rectifier itself in the case of opera 
tion when a constant extinction angle is automatically maintained. An 
experiment was performed for two different values of ballast resistances: 
R, = 0.16 2 and R, = 0.0944 
The values of the generalized parameters of the circuits of the elec 
tric locomotive and the model R, = 0.16 ohm are shown in Table 1.* Thus, 
when the nominal values of supply voltage E,y = 841 V and of rectified 
current I, = 10 A are selected for the model, the modelling factor ky in 
accordance with [App. 18] is equal to 45.8. The power scale of the model 


equals: 


A 10 per cent increase in the rectifier state of the required active 


* In Table 1 columns pertaining to the parameters of the model, the values of 

the magnitudes essential in pursuance of modelling conditions are produc ed in 
the numerator, and those taking place in the model are produced in the denom- 
inator 
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FIG.1. Calculated equivalent schemes for the power circuit 
of an electric locomotive. 


@ - circuit with a neutral 
transformer tapping; 
6 - bridge circuit; 
-e.m.f. of d.c. circuit; 
ty - applied value of the 
primary circuit; 
ty ty and i — anode and rectified currents. 


resistance of the direct current circuit R, was allowed for when the 
results of testing the value of the additional e.m.f. in the direct 
current circuit J AR, (3) were analysed. 


The principal circuit of the mode! installation is represented in 
Fig.2. Thyrations of the type TG 1-5/3 are used as valves. A power trans- 
former T is connected to the core, the secondary windings of which are 
connected in “zig-zag” formation. PN-100 motors, in which the series 
coils were disconnected and the parallel coils supplied from an inde- 
pendent d.c. source, are used as traction motors 1M and 2M. A PN-145 
d.c. machine placed with them on the same shaft was used in the inverted 


286 —_— 
| 
? 
\ %, 
—_— | 
a 
R, an 
1960 
b i | 


uotyey, pe ysut | jo jedtoutsg Z 


| 
| 


NMA MY“ 


ylacement 


block 
] 


(disy 


egative bias 


a 
> 
= 
° 
- 
= 
° 

3 
= 
° 

n 
= 


287 
A 008 = 
Ld 
= 
jé§ 
4 
& 
>) 
as) 
> 
| 
| 
= 
; 
>)s 
¢ 
Axi 


Research on a model ionic converter 


state as the driving motor ¢ ' PN- 100 machines, whilst in the recti 
fier state they were used : ud generator for these same mat hines 
Grid contro! f the model’ al was accomplished by a magnet« peak 
type of circuit. Variation o! ignition angle was here ensured by the 
ase-regulator PR, in the primary circuit of the peak transformers The 


t circuit was kept constant by means o 


itage the model s cor 


autotranstormer (compensator) \T An auxiliary device ted the phase 


regulator 2PR. was designed to accomplish the misfire systen 
Experimental research 


Research on the inverted system was « arried out when the control 
angle a = const in the range tron 60° to 174°. and also when the 
inverted rectifier was operating with a constant extinction angie 1960 


{oOo = const } tor the fo) lowing cases, 


and = 0 0944 
0 ke and R, = 0.0944 


Moreover, the rectifier state of the uncontrolled converter was 


investigated when Rf. = 0 for l= 0 and | = 40 km 


The values of the grid control angles a, the natural ignition a, 


and the commutation angles y were determined from the oscillograms 


The pulsation factor of the rect ified current was also determined 


from the oscillograms 


The power factor k was calculated in accordance with ammeter, volt 


meter and wattmeter readings 


In order to compare graphically the basic indices of the electric 
in the inverted and rectifying systems all the characteristics 


lo« omotive 
These are 


of the inverted rectifier are reduced to relative umts 
denoted by horizontal lines above the corresponding designations of the 
values. Nominal values of the magnitudes appertaining to the operation 
of the electric locomotive immediately by the traction substation were 


selected for the basic magnitudes, there being no transformer grid con 


trol and the hourly rectified current I, = 1740 A In this instance the 
electric locomotive required the maximum power from the circuit for the 


IRR 
(a) = 
(4) l= 
‘min 
i 
mar min 
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hourly current in question. Taking the difference between the losses in 
the valves and in the machines into consideration, the power required by 


the electric locomotive from the circuit was taken as the basic volume 


of power 
The nominal magnitudes for the model installation are as fol lows: 


220 V 28 


4.78 kW wy 10 


Use 
Pox 


In accordance with the model’s power scale the basic power of the 


electric locomotive* is 3160 kW 


Experiments were performed with the nominal transformation ratio and 
Use = |] Here it was assumed that one electric locomotive is on the 
cantilever (console) of the contact network 


In order to introduce into the investigation the limitations which 


are connected with a specific type of valve the characteristics 


rs f(I,) are given from the comparative value of the equivalent 


of the d c. circuit. The value of the e.m.f. of the d.c. machine is 


determined from the relationship E’ = 2 F +Au. where Au is dependent on 


the type of valve used 


Analysis of the results of the investigation 


The characteristics of the transformer in the rectifying syster for 


1 = 0 and | = 40 km are represented in Figs.3 and 4 


It follows from the curves in Fig. 3 that in the nominal electric 


locomotive system k, 0.8 = 3U per cent = 0.5 An 


the rectified current to l, owing to a negligible inclin 


ation of the characteristic of the e.m.f. o! the d.c. machine 
(7 dl , = - 0.155) leads to an increase of Py to 


53°. and also to a reduction of Ai to 16.5 per cent The great stability 


increase of 


1.75 a growth of y to 


of the electric locomotive’s power factor ky is characteristic when 


l= 0: when 0.3 > 0.75 


When | = 40 km and I = | (kig.4) Py 


* The sien of the magnitude «{ power of the electric locometive is taken to be 


in the rectitier vetem. and negative in the inverted system 


positive 
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degrees 


FIG.3. Characteristics of 4 transformer in 
rectifying system where R, = 0 and l20 


effective 


l Uss - relative values of the 
P voltages of the electric locomo 


tive and substation; 


, relative value of effective pri 
mary current; 

Py and Pee relative values of the power of 

the electric locomotive and sub 

station; 

power factors of the electric 


ky and 
locomotive and substation; 


natural ignition angle of the 
uncontrolled transformer; 
commutation angle; 

pulsation factor of rectified 
current; 


7 - relative e.m.f. of d.« circuit 


but the losses in the con- 


Here the commutation angle increases to 50° 
AP. = 0.1. The inclination of the outer characteristic 


tact circuit 
sharply increases (d7 dl , = - 215)AP... reaches 0.31 
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125 


degrees 
10) 


100 


FIG.4. Characteristics of a transformer in a rectifying 
system when R, = 0 and | = 40 km 
— 


Ws - relative value of losses in 


contact circult 


The value of Ai is only slightly less than the corresponding values 
when | = 0. When | = 40 km with an increase in load, a sharper drop in 
ke and k.. is characteristic, particularly as far as the power factor 
= of the substation is concerned. The curve Pr = fi I) (Fig.4) in the 
neighbourhood of J, = 2 reaches a maximum. This is also the limiting 
value of the power which can pass through the transformer of the electric 


locomotive in the rectifying system when | = 40 km. 


The results of research carried out on the model agree well with the 
information published of tests and calculations for the NO electric 


locomotive, [1, 2 and 4]. 

It was confirmed experimentally, that the active resistances of the 
circuit have little influence on the characteristics of the a.c 
Therefore, we shall confine ourselves to the 


d.c. 
circuit and also y and Ai. 
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characteristics of the invertor for R, = 0.16 £2). The characteristics of 
the transformer when a = 60° are shown in Fig.5. In order to ascertain 
the influence of ballast resistances on the braking characteristics of 


he relationships for the electromagnetic power 


the electric locomotive, t 
of the traction machines P and P’ where R, = 0.16 {2 and R, = 0 respect- 


ively (assuming Su = 20 V), are represented in Fig.5 


Since the invertor does not operate directly on bus-bars of infinite 
power (Fig.1), but across the commutating resistances XY, and R.,, the 
boundary between the rectifying and inverted systems no longer exists 
when a = 90° (the case, when X, = 0 , = 0, Fig.1), but becomes a func- 
tion of the load and control angle a The conditions for the transition 


from the rectifying to the inverted system are illustrated in Fig.5 


presence in the convertor circuit of resistances R., and R, 


(Fig also influences the basi powe! indices 


Due to the resistance FR the moments of the transition of the d.« 


machine into the generating system (7 = 0) and the commencement of power 


recuperation in the network do not coincide 


Thus, when a = 60 i 40 km and R, (Fig.5) a braking 
fore e emerges when ly ; and rec uperat 1on of power in the network 


arises when i. = 1.7 (7 - 0.26) Thus power 15s consumed not only from 


the d.c. machines but also from the network in the active resistances R, 
0.99 ° ly 1.7. When ballast resistances are absent the 


} 


id take place 


in the range 


transition from the rectifying to the inverted system wou 


when 


The resistances Rf. have a similar influence evident 
Fie.5 that when a = | = 40 ke the total po i lelivered 
electric locomotive into the network, 1s consumed 


in the network itsel ch also consumes power fron 


transition into the inverted operating 
when |, = 4 but in this instance the power, whicl 


proceeds from the network into the resistances R, 


e cross-hatched section in Fig.5 represents the electromagneti: 


powel component oft the traction mas hines This may be varied tor the [ 

in question relative to Uhe appropr late R, Thus the riven magnit udes 

f P and P* may serve a a basis tor the selection tl I Ras and the 


low controlling d.« machines in order to ensure the required braking 


torce 


re 
I, = 1.2i 
fron 
by the 
{ losses 
the substation, so 
When Ga = Hi al 
takes place 
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| 
degrees 


== 


FIG.5. Characteristics of transformer in inverted system 
where control angle a = 60 and R, = 0.16 £2. 


a.c. circuit; 

6b - d.c. circuit; 

-----— | = 40 km, 
l = 0; 


AP 40 and APp, - relative values of losses in ballast 


resistances when | = 40 km and Il = 0 respectively. 


The experiment showed that the performance of the inverter with 
angles a > 180° (intermittent current) is of no practical interest in 
view of the low output. 


The break in the characteristics T = f(I,) in Figs.3,4 and 5 corres- 
ponds to the transition from the continuous rectified current system to 
the intermittent current systems. 
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Owing to the increase (with inversion and @ = const. ) of the char- 
acteristics 7 = f(T) with an increase in the load of the transformer, 
both P, and P.. and also kp and k.. continuously increase. 


There is a tendency in the inverted system of operating a trans- 
former to have the greatest possible power factors, which leads to the 
necessity of maintaining the smallest possible extinction angle 6. This 
can be attained by automatic control. 


It follows from a study of Fig.6, that the characteristics of the 
inverter when 5 = 20° = const. apparently suggest the characteristics of 
an uncontrollable transformer (Figs.3 and 4). Differences arise between 
them owing to the fact that 5 # 0 and also because of the unequal influ- 
ence of the active resistances R, and R, on the processes in both sys- 
tems. In contrast to the inversion system when a = const., in both of 
these systems the moments of approach of the maximum values of Pp, kg 
and P... k.. do not coincide. Here the maximum power (P, = - 0 99), 
which the electric locomotive can restore to the network, occurs when 

1, = 2. In contrast to the rectifying system (Fig.3 and 4) the maximum 


value of the power returned to the substation (P., = ~ 0.72), occurs at 
a smaller current CI, = 1.5). The maximum power yielded by the electric 
locomotive when | = 0 arises when I, 1s considerably greater than double 
the nominal current. The behaviour of power factors in the inverted 
svstem when 5 = const. is extremely similar to that in the rectifying 
system with the exception of the relationship k* £40 = f(1 4) Here a 
sharp drop with an increase ot ly is characteristic when inversion takes 


Pp lac e 


It is evident from Fig.6 that due to the connexion of large ballast 


resistances to the d.c. circuit, the characteristic 7 * f(I 4) becomes 
stable. the curve 7 falling slightly when | = 40 km in the continuous 
current field but increasing slightly, when | = 0. The pulsation factor 


of the rectified current increases in comparison with the rectifying 


system to 0.34 when J, = | The curves of Fig.6 determine the required 


law for controlling the angle a of the transformer to ensure that 


system = const 


The transition from the continuous rectified current to the inter- 


mittent current when the control angles are large (similar to the gen- 
eral case of operating an uncontrolled transformer |3)), takes place 
when the values of the overdischarge angles ‘y are finite (distinct from 


zero). However in contrast to rectification when inversion 1s present, 


* Indices “40” and “0” correspond to distances from the substation of | = 40 km 


and | = 0 
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ole 
q 
| 
a 
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FIG.7. Oscillograms of current and voltage curves 


s rectifying (nominal system 
R, lL; 
inverted vyatem; 


= 40 ke 2 


the steady state with intermittent rectified current and the presence of 
a commutation period cannot subsist owing to the impossibility ofa 


repeated ignition of the anode after it has been naturally extinguished 


In the system © = const the field which is without steady states 


has a range 0.24 < ly < 0.34, (Fig.6) 
It follows from studying Figs.3-6, that Ug 1 because of the large 
reactive powers which depend to a tar greater extent on the contro! 


angle than on the load ly for all systems of inversion, as well as with 


rectification 
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The current and voltage curves for rectifying and inverted working 


_ 


systems are represented in Fig. 7 


Conclusions 


An electrodynamic mode! of an electric NO locomotive allows us to 
obtain and contrast the basic characteristics of an electric locomotive 


in inverted and rectifying systems 


From an analysis of the operating conditions of a transformer it 
follows that the power indices of the system considerably deteriorate 
when the electric locomotive is removed from the substation. Thus, for 
instance when there is double over loading by the current the voltage 

60 drop in the line reache 10 per cent in the rectifying system and 

cent in the inverted svstem when it is removed 40 km fro 
commutation angle of the transtormer increases 

power tac ) the electric locomotive and substation deter: 


is there! desirab! in both systems to compensate the reacti 


dependent on the performance o!f the transtorming circuit 


The boundary between the inverted and rectifying 
to the angle a is not fixed, and recovery is possible 
angles (amounting to 6 are small. However, in 
the power factor and ae >; » the pulsation factor ) tractior 
current it 18 essential t it inversion in operation wher 
angles are as great as possible (smallest ssible angles of 
iefad) In practice 1S most expedient to arry out transté 


at a tixed extinction angle = const (Fig 


Such a 

trol is also expedient because under these conditions 
operating state is eliminated during which a considerab 

power into the ballast resistance from the contact circuit take 


(small control angle system a = const 


In the inversion system when © = const (Fig.6) in contrast to 
inversion when @ = const (Fig. 5) the pulsat 10n tactor \i increases only 
slightly, and, in this way, the required increase in the inductance of 
the smoothing reactor in comparison with its inductance in the rectify 


ing system is also slight 


When inversion takes place, the active resistances R., (Fig. 1) 


contribute to the voltage increase on the pantograph of the electric 


locomotive. Therefore, at great distances from the substation in the 


system © = const the power given off by the electric locomotive into 
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the circuit reaches the values of power in the rectifying system. With 
| = 0 the power in the inverted system is less than when rectification 


occurs 


A comparison of the power factors of the inverted and rectifying 


systems testifies to the considerable reduction of the power factor in 


the transition to inversion (when 1, = 1 and with rectification 


k = ™ = 0.8, Reao = 0.75, k ,* 0.72: when I, = 1 and with inversion 


E0 ss ss 
ko. = 0.66, 0.64, = 0.52) 


EO ss0 E40 


With inversion a considerable part of the power which can be recup- 


erated by the electric locomotive 1s consumed in the contact circuit 


(when I, a | MP... = 0.1). Woreover losses are even more considerable in 


the ballast resistances = 0.16) 


The experimental data produced in this article may serve as a basis 
for establishing systems, which must be used in our national electric 


locomotives with recuperative braking. 
Appendix 


Modelling conditions for the correlation of electromagnetic and 
power processes in a model and actual ionic transformer instal lations 
will be ensured, if the transformers possess different ignition and com- 
mutation angles, similar rectifying current pulsation factors, different 
power factors and one and the same harmonic composition of primary and 
rectified currents. These requirements will be fulfilled, if the shape 


of the current in both installations are similar 


(App. 1) 


const 


The relationships, which are essential for the fulfilment of condi- 
tion in (App.1), between the parameters of the model and actual install- 
ations can be obtained on the basis of equations which take into account 
the active resistances of all the basi elements of the transformer 


circuit and also of the primary supply system, (Fig. 1). 


Assuming that 


— 
1960 
te ‘te 
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Ee (App. 4) 


bas ’ 


the original differential equations in relative units, which are accur- 
ate for all the working systems of the transformer installation, take on 
one and the same form for both transformation circuits when the commence- 
ment of the time reading is selected at the moment of ignition of anode 


In the period of isolated combustion of anode 1 (anodes | and 1’, 
circuit of Fig. 1b) 


160 


di 
dot tare lsin (wt + a) — (App. 5) 


In the period of isolated combustion of anode 2 (2 and 2’) 


q 
i= 


dot al, (ot + 2) — +]. (App. 6) 


In the period of commutation 


di, 
dat * of, 7 Sin (wt + 2), (App. 7) 


(App. 8) 


T), T,; are the time constants of corresponding contours. 


where T; 


If we analyse equations (App.5)-(App.8), we shall come to the con- 
clusion that condition (App.1) will be fulfilled when 


(App. 9) 


(App. 10) 


(App. 11) 
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(App. 12) 


Tin =T (App. 13) 


In fact, with the calculation of the periodicity of the process when 


conditions (App.9)-(App.13) are fulfilled, at any moment we have a parity 


of relative currents determined by equations (App.5)-(App.8): 


£ — const. (App 14) 


bas.e 


Consequently, when (App.9)-{App.13) are fulfilled, the shapes of the 
currents in both installations are similar. One should note, that only 
the first four requirements out of (App.9)-(App.13) are independent, 
since when (App. 10)-(App.12) are fulfilled, condition (App.13) is satis- 
fied automatically; in fact 


(App 15) 


However, the modelling conditions (in view of the requirements (App. 
9)-(App.12)) are not very convenient in practice, since they include 
requirements of parity between the relative e.m.f. 7 and 7, which are 
extremely difficult to measure directly. It is, therefore, very desir 
able in modelling conditions to use the direct component of rectified 
current I, as the characteristic of the transformer’s load. This deter- 
mines the process simply as well as the magnitude of 7. Since, when 
(App.9)-(App.12) are fulfilled, the following equality emerges 


(App. 16) 


it is equivalent to condition (App.9) 


It follows from (App.16) together with the calculation of (App.4): 


(App. 17) 


By converting (App.17) taking into account (App.10) and also intro 
ducing the modelling factor: 
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(App. 18) 


lay 


we obtain the modelling conditions in the following 


Xa, = = 


e 


(App. 19) 


or even 


x X Rox, Roe 
(App. 20 


The modelling conditions in the form of (App.19) or (App.20) permit 
us also to make an easy selection of the parameters of the model in the 
presence in the electric locomotive of a smoothing reactor with a satur- 


4 


ated core. 
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MINIMUM TIME OF AUTOMATIC RECLOSING* 
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Use has been made since the early 30's of automatic reclosing (APV) as a 


means of eliminating arc closing in overhead electric transmission lines. 


But it is in the last ten years that its application has been particu- 
larly widespread. 


Formerly, because of the use of slow-acting oil switches, the time 
of short-circuiting and the duration of pauses without current were 
accepted as being fairly long. This restricted the use of APV and 
created a number of difficulties in ensuring dynamic stability 


At the present time, in connexion with the increase in capacity of 
electrical networks and the elimination of weak connexions, and thanks 
also to the introduction of self-synchronization, the use of APV on 
voltage lines up to almost 220 kV is no longer limited in practice on 
account of dynamic stability. Even now, however, we must shorten as far 
as possible the duration of the short-circuiting and the time of reclos- 
ing so as to lessen the likelihood of burning out the leads with the arc 
of the short circuit and to reduce to a minimum the danger of destroying 
operating conditions for the consumer 


Nowadays the use of high-speed air breakers and of non-inertia relay 
protection allows us to reduce both the duration of the short-circuiting 
and also the time of reclosing to 0.12-0.16 sec. If, however, the time 
of disconnecting the short circuit depends only on the efficiency of the 
construction of the breaker and relay protection, the time of reclosing 
is determined mainly by the speed of recovery of the dielectric strength 
in the gap between the contacts in which the arc closing occurs. This 
time is usually rated on the basis of data obtained from work dating 


* Blektrichestvo No.6, 34-40, 1959 
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from 1933 [1] and having a number of serious defects. 


It is thus essential to determine more accurately the duration of 
the pause in APV on the basis of deductions drawn from the results of a 
considerable number of laboratory experiments undertaken since the time 
when APV was first utilized. Tests of such deductions undertaken before 
the present time have only been made on a small part of the material 
that has been published. In a number of cases the actual duration of the 
pauses in APV may deviate from their estimated duration 0.20-0.25 sec, 
(6] 

The aim of the present study is to obtain, on the basis of as large 
a number of experiments as possible, more reliable data regarding the 
duration of the required pause in three-phase and single-phase APV 


It should be noted at once that both field tests with lightning [7] 
and laboratory experiments with high-power impulse discharges [8,9] show 
that single and multiple lightning strokes do not effect the length of 
the required pause in APV in view of the brevity of their duration and 
the rapid recovery of dielectric strength in the lightning channel. We 
can sav that the character of the process of recovery of electrical 
stability in the post-are channel should not be affected significantly 
by whatever reason the arc closing is effected, since the overwhelming 
majority of unstable closings occur along the insulator chains and the 
nature of the arc combustion is determined by the material of the metal 


electrodes with approximately identical ionization potentials 


Wind plays an important part in the recovery of dielectric stability. 
Observations over many years by meteorological stations with the assist- 
ance of weather vanes placed at a height of 10-15 m above land-level 


show that the most probable wind speed should be reckoned as 2-10 m sec 


During the short-circuiting there occurs at first an increase in the 


number of incandescent gases 1n the region of the ar« channel, which 
causes an increase in the pause for APV and subsequent ly, according to 
the increase in intensity of the upward convective flux of cold air 

around the channel, the volume of the luminous gases ceases to increase, 
which causes a discontinuation of the increase of the pause in APV, and 


mav even occasion its decrease 


in which the conductivity of the post-arc channel! has 
been used as a criterion for the recovery of its stability (10) have 
shown that with a voltage of 115 kV and a short-circuit current of 5-20 
kA the time of recovery of dielectric stability, with an increase in the 


Experiments 


duration of the short-circuiting from 0.01-0.04 sec, is increased 
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According to the data in another study ll) with a voltage of 230 


kV and ¢ u current f 8 kA change in duration of the 
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160 


heen one series of tests [12], with relatively small short-circuit cur- 
rents, (up to 3.2 kA). With voltages of 6-15 kV there were three series 
of tests [17-19]. The required pauses in APV for this group of voltages 
are even lower, whereupon the pause for the short-circuit current equal 


approximately to 40 kA, was obt ained on the basis of indirect data 


With low short-circuit currents (0.02-0.07 kA), the time for the 


recovery of dielectric stability in small gaps (0.01-0.25 m) has been 


reasured by the impulse method [20] 


As can be seen from Fig.1, the data obtained as a result of the 
enumerated tests do not produce substantial scatter of the points and 
enable smooth curves to be plotted. In view of the absence of data for 
short-circuit currents above 2.3 kA the curve for voltages of 30-35 k\ 
is plotted conventionally as the mean between the curves for voltages of 


50-69 and 6 15 kV 


pv 
‘7 [7 A 
J - 18 
L4f 
“ka JOKN P 
r ° 5 ~ | 
— | — 
| 
‘ 
y 
ay © 
> 
7 | 
0 $ 10 15 20 kA 
FIG. 1 


Minimum time of automatic reclosing 


Table 1 


current 


Tests undertaken by the firm of B.B.C. (21) with a voltage of 40 kV 
and a short-circuit current of 4 kA fall outside the general rule. The 
pause in APV obtained as a result of these tests is 0 2 sec, which does 
not conform to the other experimental data. There is not sufficient 
information about these tests to judge the cause of so substant ial a 
discrepancy. It is possibly the result of the fact that the tests were 


undertaken in an enclosed place, i.e. in complete lack o! wim 


The sudden slowing-down in the increase of the APV pause, with a 
range of current from 3 to 5 kA, 1s common to all the curves shown in 
Fig.1. Here, depending on the extent to which rated voltage decreases 
the fracture of the curves here begins sooner and the maximum duration 
of pause diminishes. With all rated voltages, except the voltages of 
200-240 kV, the pause in APV diminishes when the short-circuit current 
is increased beyond 3-5 kA. With voltages of 200-240 kV and short 
circuit currents greater than 3-5 kA there 1s an increase in the pause 
in APV. but at a slower rate than with currents ol! 3-5 kA 


The relationship between the APV pause and the rated v iitage ol the 


line is explained by the tact that convective currents of a1! cooling 


the arc channel, move mainly vert ically. i.e. along the overhead chain 
of the insulators and, consequently, along the arc channe Thus the 
longer the chain, i.e. the higher the rated voltage, the less the rela 


tive cooling of the channel and the greater the pause in APV 
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In Fig.2 
phase short-circuit with a voltage of 400 kV, a short-circuit current of 


are shown separate photographs of a test with a singie- 


2 kA, and length of chain 4 m, undertaken by the All-Union Scientific 
Research Institute of Electrical Power. An arc was created by ignition 
of the wire. The duration of the short-circuiting was 0.14 sec 


The first photograph refers to the moment immediately before switch- 
ing off the closing. Here the arc is seen as a shaft of light located 
along the chain of the insulators and having a cross measurement of 
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80 cm 


In the second photograph relating to the moment 0.1 sec after 
switching off the short circuit, the brightness ol the channel is con 
siderably less than during arc combustion. The cross measurement of the 


lower part of the luminous area is 2 


times less than the cross meas 
urement of the upper part, which is explained by the couling, during the 
passage of vertical currents of air, of the lower layers of the post-ar« 
channel. This explains the emergence at the moment in question of a gap 
filled with air. 1 min length, between the lower end of the chain and 


the luminous part of the channe | 


In the third photograph, relating to the moment 0.25 sec after 
switching off the short circuit, the channel cools to such an extent 
that the brightness ceases completely and, in place of the column, the 
arc is distinguished only by the smoke formed during the combustion of 
the wire. The gap between the lower end of the chain and the column of 
smoke is slightly increased compared with the preceding photograph, 
which indicates the substantial decrease in intensity of the upward con- 
vective currents, owing their existence to the heated gas of the post- 
arc channel. The shift of the smoke column and its dispersal, which can 
be observed in the last photographs, should be attributed not to the 


upward convective currents but rather to the light wind which moves the 


column away from the chain and disperses 1t 


The test described shows that electrical stability of the post-arc 
channel is recovered in its lower half, i.e. the speed of its recovery 
+s determined in the last count by the length of the chain. Consequently 
the higher the rated voltage and the longer the chain of the insulators, 
the longer the duration of the required pause 1n APV, which is confirmed 
also by the experimental data shown in Fig.1 for voltages of 6-240 kV 


We have no experimental data for voltages of 400 kV and above, but 
by analogy with experimental data for ot her voltages the pause in APV 
with 400 kV must be greater than with 220 kV. This difference will be 
particularly noticeable with short-circuit currents of 10-20 kA, when 


the minimum pause in APV may amount to 0.3-0.35 sec 


As can be seen from Fig.1, the relation of the minimum pause of a 
three-phase APV to the short-circuit current 15 particularly noticeable 
for voltages of 6-35 kV, 220 kV and, hypothetically, 400 kV. Keeping in 
mind that the short-circuit currents differ for lines of one and the 
same class and even for one and the same line, depending on its per form- 


ance. it is expedient to divide the lines into two groups: 


(1) with short-circuit currents up to 10 kA, and 
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Table 2 


Voltage of the 
line (kV) 


Ist group (up to 


10 kA) 0.25 0.19 0.17 0.16 |}0.13) 0.10 
2nd group (above 
10 kA) 0.35%; 0.25 0.17 | 0.14 |}0.10! 0.03 


Hy pot het ic ally 


(2) with short-circuit currents above 10 kA 


Thus on the basis of data given in Fig.1 we may obtain the minimum pause 


in a three-phase APV (Table 2) 


As a result of the capacitive and electromagnetic coupling of the 
disconnected phase with phases still in operation the discharge channe | 
in single-phase automatic reclosing (OAPV) is supplied by the current 
Therefore the minimum pause in OAPV is determined in the first instance 
by the supply current and voltage reducible in the disconnected phase 
after the extinction of the supply arc. Besides these basic factors a 


kr wn part can be plaved by the size and duration of the short-circuit 


cr crent. the rated voltage of the line, and the wind speed 


The relation of the size and duration of the short-circuit current 
to the duration of the combustion of the supply arc may be taken as 

| own, if the supply current is not strong and is not given at the time 
of recovery of the dielectric stability of the channe! formed by the 
previous short-circuit. Ac tuallv. laboratory tests on a model with a 
short-circuit current of 0.9 kA and a supply current of 6A [22,23 
showed that with an increase in the duration of the short-circuiting 
from 0.01 to 0.05 sec the time of combustion of the supply ar< 
increases to 0.15-0.18 sec. But with further increase in the duration 
of the short-circuiting from 0.05 to 0.2 sec the time of combustion of 
the supply arc does not increase, but even decreases. These facts 
respond to the behaviour of the post-are channel in the absence of sup 
ply. Consequently, with a small supply current, the short-circuit cur 
rent and the rated voltage of the line may play some part in the extin 


tion of the secondary arc 


If the supply current is sufficiently strong and the duration of 


combustion of the supply arc exceeds the time of recovery of dielectric 


stability of the short-circuit arc channel, the behaviour of the supply 


arc depends to a large extent on 1ts own heat and dynamic effect. In 
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Table 3 


Rated voltage of 
the line (kV) 


Length of suspended 
chain of insulators 
(a) 


Voltage in discon 
nected phase (kV) 
Supply current (A/km) 


fact, with supply currents of more than 10-15 A, no influence of the 
short-circuit current and the rated voltage of the line was per« eived 


Consequently, when plotting generalized characteristics these factors 


may not be taken into account, since they do not affect the time 


required for the OAPV pause 


The rated values of the voltage in the disconnected phase of the 


supply current, for lines with a voltage of 110-400 kV, are given in 


Table 3 


It follows from the table that although an increase in the rated 
voltage of the line is accompanied also by an increase of voltage in the 


disconnected phase the gradient values of this voltage compared to the 


of the chain of the insulators have one and the same order, since 


length 
the length of the chain increases with an increase in the voltage of the 


line. Consequent ly. when determining the time o! combustion of the sup 
ply arc, we can omit from our observations in the first approximation 


the voltage in the disconnected phase 


It should be noted that the wind speed may have a considerable influ 
Experiments [25] 


ence upon the time of combustion of the supply are 
with voltages of 240 kV, a supply current of 22-30 kA, and light, nat 


ural wind (5 m/sec) ehowed a maximum time of combustion of the supply 


arc of 0.27 sec, while at the same time, in tests undertaken with the 


and the same supply current but under arti tie ially created 


same volt 
not always 


condit 10Ons ot com let e absence ot wind the supply are was 


extinguished. However inasmuch as there 18 no complete absence of wind 


on actual electric transmission lines. tests such as these would not be 


taken into consideration when drawing inferences from experimental work 


between the supply current and the tame of com 


The relationships 
10-400 kV plotted in accord 


bustion of the supply are for voltages of 
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FIG.3 


ance with the conditions given above on the basis of the works of a 
number of authors, are shown in Fig.3, and the principal conditions of 
the experiments in Table 4. If there are only data for the time range in 
which the supply arc burns, this range is drawn in the form of columns 
in Fig.3 


Two series of tests were undertaken with voltages of 400 kV. In the 
U.S.S5.R. tests were undertaken on the main line from Volga Power Station 
to Moscow of 400 kV, 850 km in length [24], and in Sweden on a line of 
380 kV, the length of the disconnected section being up to 420 km [26] 
The remaining tests were undertaken with a voltage of 220-240 kV, the 
length of the disconnected sections of phases of the line being 100-500 
km. In no case did the short-circuit currents exceed 2-3 kA; i.e. they 
corresponded to the lowest values in networks of 220-400 kV. The great- 
est number of tests were undertaken with a short-circuit duration of 
0.1-0.2 sec, which corresponds to the duration of a short-circuit when 
non-delayed relay protection operates. The voltages in the disconnected 
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phases were oft V. 32 k\ and corresponded to the rated data given in 
Table 2 while the supply currents varied from 0 t 100 A, 1.¢e. covering 
| 


the whole possible range of supply currents of lines with voltages of 


200 to 400 kV inclusive. Wind speeds were recorded only by conducting 


separate tests. The supply arc was extinguished in all but two cases 


If we take the maximum values for the duration of the combustion of 
the supply arc corresponding to the various supply currents we can then 
determine their relationship. This function, in the forn a straight 

starting from the origin of the co-ordinates, satisfactorily skirts 

ield of all the experimental currents apart fron se relating to 
initial stages, corresponding to supply currents 20 A and to 
a time of combustion of the supply arc of 0 to 0.2 se 
should be removed because o! » residual conductance of 
the arc olf the preceding short ircuit. With these small su 


ise in OAPV may be taken as equa | to the pause in three-{ 


the pi 
wat case the e of recovery of the electric stal 
is determin in practice Dy the time of the extine 


ircuit ar 


The relationshit tained between the req ause in OAPV and 
supply current 1s t value not tor lines 
100 kV and above } ’ individual case Line 
but with a lower ve ’ ‘Xamp | I » 290 kV line fi 
Irkutsk Main Power or é rats a le »f 650 kn the Ip} 
current in accordance t able 3 mor about 5 4 and the pa 
in OAPV corresponding this « rm s to 1.2 sec. For | 
voltages of 220 | ar ‘ not exceeding 
the minimum pause is Siig rreater than the 
three-phase WV ie pau ior § Lines must not 


If there 1s a shunting reactor on a section of the line whose in 


tance 18 in resonance with the capacity ot the ine the vol 


tage in 
disconnected phase may increase sharply in comparison with the values 
given in Table 3. In this case, as experiments have shown [24], even 
with a small supply current, the time of combustion of the supply arc 
reaches 2 sec. and with unfavourable conditions regarding resonance, the 


arc may not be extinguished at all 
Translated by J.V. Gwynn 
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EQUIVALENT SCHEMES FOR TESTING BREAKERS IN A 
SYSTEM FOR DISCONNECTING UNLOADED LINES* 


N CHERNYSHEV 
Lenin All-Union Electrical Engineering Institute 


(Received 27 February 


In connexion with the sharp increase in recent times in the length ol 
electric transmission lines and the increase in the rated voltage ne 
requirements for the per formance of breakers when disconnect ing charge 
currents have become considerably more complicated, which has led to the 
need for a more detailed study of arc-extinction devices 

The present article clarifies problems concerning the testing of 
breake! in equivalent schemes which are essential not only for leve Loy 
ing new arc-extinction equipment but also for ascertaining the effi 
1ency ol a breaker when it 1 impossit le to test it in 

In networks we have, as a rule, three-phase disconnexions of Ut! 
line where we can observe the mutual influence of one process upon Che 


other as it occurs in each of the phases. We are considering here only 


single-phase testing, since three-phase equivalent scheme 1s con 
siderably more complicated and more expensive than the single-phase 
With the results of single phase tests we can estimate the periormance 
of a breaker in a three-phase system, inasmuch as the influence of 


adjacent phases are reckoned in the majority of cases at the time when 


the processes in the phase in question can be successfully attenuated 


Naturally. the majority of the propositions in this article may be 


used to form a three-phase equivalent scheme 
Conditions which must be satisfied by the test installation 


To obtain reliable data in laboratory testing of breakers it is 
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essential to reproduce accurately in the testing equipment the s 
shape of the curve of the capacitive current of the line, the voltage on 
the breaker after extinction of the arc, and the conditions of the 


extinction of the high-frequency overcharge current of th line during 


repeat ignition (the magnitude of the current, the shape of its curve 


and the recovery voltage) 


The voltage and overcharge current of the Lin ire etermined py the 


wave process, and will therefore be nonsinusoidal. Consequently 
equivalent scheme of the line cannot consist of one link (capacitance 


and inductance) inasmuch as the process occurs 1n accordance with the 


sine rule. It is possible, with some approximation t e we, te 


replace the circuit (chain) scheme by a finite number of lint 


for testing breakers disconnecting unloaded lines without 


Schemes 


repeat ignition 


If it 1s known that the breaker 1 to disconmne al loaded lis 
i 


without repeat Lenitior the problem of reating equivatent scheme is 


very much simplifies 


In the absence of repeat ignition, accurate reprodu on « 
conditions for the ar xtinction of the higl Irequency overchargt u 
rent on a line is nowt reg rea in an ¢ jurvalent scheme i! wn t 


part played by the wave process 15s lessened to a considerable exten 


since it only represents a levelling of the different pot : long 
the line luring its disconnexion from the voltage source { line tre 
quency. (The difference in size of the potentials can attain an appre 
iable value only upon disconnecting 2 line more than 4 OO km 1 


length) 


Fluctuations in voltage on the line o¢ luring sno ¢ 
after tripping it. The wave process 1 uccessfully attenuated at the 
same moment at the voltages at the breaker reach high vaiues the ¢ i 


of the source changes sign) 


All this makes it possible to simplify the installation c heme The 
testing of such a breaker 1s in fact included in the checking of the 
electrical strength of the inter-contact space aiter extinction o 


arc of the appropriate current. Moreover the line may be 1 ced by 


* Here and subsequently the expression “the breaker nnects a line without 
repeat ignition’’ means that in the breaker there 1 ither none at al or 
that there is one repeat ignition with the voltage on the contacts less than 


the phase voltage of the network 
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FIG. 1. Synthetic scheme of testing breakers in a system 


for disconnecting capacitive currents 

- generator, 
protective breaker; 
operating breaker; 
transformer 
capacity in the circuit of the 
source of voitaege; 
source of current (oscillating 
contour 
test clearance; 
auxiliary clearan 


spark ga} 


concentrated capacitance or, if its length is greater than 400 km, by a 


section or L-shaped equivalent network 


For the testing. in 1954, of an air blast circuit breaker 


system for disconnecting large capacitive currents we used a 


in a 


Spec ial 


ewnthetic scheme in which the disconnec ted current and the recovery 


voltage on the breaker were obtained from various sources An analogous 


scheme has been used in the U.S.A.* 


The scheme operates as follows: 


The circunt of the transtormer T 1s closed at the start and the cur 


rent t. flows through the testing clearance TU. At the moment 


voltage on the transtormer passes through maximum the spark gap S comes 
into operation, controlled by a special synchronizing device which closes 
the oscillatory circuit, tuned to a frequency of 50 c/s, and the current 
A little later 


through the testing clearance becomes equal to ty 


"KI Williams 
the testing of 


Vo. 74, pp. 375-38 


reakers upon disconnecting @ capacitive current 


(1955) 


when the 


| Mankoff and WN. Schneider; Experimental laboratory for 


Trans 
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and 


orresponds 


testing breakers 


“sting and the auxiliary clear 


wind i are in phase the extinction 


4C will occur simultaneously 


tains a constant component 


the voltage at the breaker when 


(about 10 A) while the current t 


sands of amperes The voltage in th 


if 


eme shown tit 
urrent 


erator mains 


the oscillogra 
acitive current 


10.5 A) 


practice distort the shape of Che 


stipulations as to ensure that the 
} 


ess than the rated voltage of 


cillatory circuit was usec as 
wever. of other sources ot 


ight ly syvnchron 


“i tests were 


a system tor disconnect 
nt network tests showed t 


been accurately deternr ined 
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ing 


nat 


ing |! epeat 


hye | s study the pro 


Refore passing to the analysis ol the s« ; 


cesses taking I la in ar unloaded | 


in the breaker. Let us consider the 


source with low-shunting capacitance 


kind presents no difficulty and 1s well kno 
I repeat breakdown 


ished at the moment ' rupture by ti 
However the natu! 
tripping of the curt ‘ i > an 


conditions of the bi 


Another reason why s still ¢ 
of disconnecting the ' loaded line 
the | ine 


distort its 


is that during tests t 


ine with ! at iwnition of the are 
case fd onnecting a line from a 
The oblem of this 


is usually fin 


the voltage on the line alter the 


essential influence on the operating 


‘sssential to calculate the process 


current in 


ormally t ured by means ot current transtormers which 


neasurements are inaccurate and torm no criterion 
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for appraising equivalent schemes of a line 


Let us suppose that after disconnexion the line proved to be charged 
with a voltage up to - U, whilst the breakdown between the contacts of 
the breaker was effected at the moment when the voltage at the source 
equalled + U. Consider for the sake of simplicity that the electromotive 
force of the source is fixed during the time of the overcharge of the 


line and that the active losses are zero 


If the source supplies one line only, its voltage and current wil] 


change according to the law expressed in equations | and 2: 


where t is the time from the moment of formation of the repeat 
ignition of the arc in the breaker 
is the distance between the point of the line and the breaker 
the length of the line 
the wave resistance of the line 
the speed of propagation of the wave along the line 
the time constant of the circuit 
the inductance of the short circuit of the source 


The current through the breaker is determined from expression 


substituting in it 0) 


If the arc of the repeat breakdown current in the breaker 
that 


guished at the moment when f¢ is evident 
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i(0, t,)=—0 (3) 


The distribution of voltage and current along the line at this 
instant of time may be obtained by substituting in equations (1) and (2) 


the value for t, obtained from equation (3) 


As an example, Fig.3 shows the results of a calculation of the pro- 
cess in an unloaded line of 110 kV, length 100 km, disconnected from the 
source with L... = 45 mH (P_. = 850 MVA). It is presumed that the com- 
bustion of the arc occurs during a single half-period of the high-frequ- 
ency current, and that the repeat ignition of the arc in the breaker 


occurs when U = | 


In Fig.3a is shown the distribution of the voltage and, in Fig,3b, 
the distribution of the currents in the line at the moment of extinction 
of the arc (the current along the axis of the co-ordinates 1s taken to 
be 1/Z, per umit). Then begins the process of balancing the voltage, 
which may be represented as the movement of the two waves U; and U, 
opposite directions 

U (x,t) U(x —- vt) 4+-U,(x of) 
The current in the line is also the result of the superposition 


waves: 


i(x,t) x--t AX (5) 


The waves of the voltages and currents are related to each other by 


the relationships: 
(6) 


Having determined the set of equations (4), (5) and (6), in respect 
of the forward (U)) and the reverse (U,) voltage waves, we obtain: 


U,+2Z,! 


U (7) 


(7a) 


In Figs.3c and 3d are shown the forward and reverse voltage waves 
(their position when t = ¢t)), plotted according to the curves in Figs.3a 
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A. — t, 
msec 


FIG.3. Behaviour of voltage at the beginning of the line 
after extinction of the repeat breakdown current of the 
breaker 


and 3b and with the aid of equations (7) and (7a) 


The behaviour of the voltage at the beginning of the line (x = 


has been plotted by superposing these waves, as shown in Fig. 3e 


It must be noted that overvoltages on the line in the case under con 


sideration (without considering active losses) reac h a value of 3.8 
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whilst these overvoltages would have been 3.0 with disconnexion of con- 


centrated capacitance 


By using equations (1), (2), (3) and (7), we can obtain values for 
the voltage and current in a line with repeat ignition of the ar« in a 
network with different parameters (L. : l Z.) These values may serve 
1s a criterion for analysing the results obtained in an equivalent 
scheme. This data is. however, insufficient to select the parameters 


themselves in test installations 


It has been shown above that the equivalent scheme should consist of 
a finite number of links. The bigger the links the more accurate the 


reproduction of the process in a test installation. But since an increase 
in the number ol links makes the equipment more complicated we must 


letermine the minimum amount necessary to ensure the desired accuracy of 


the process 


Let us consider one f the possible means of solving this problem 
The input resistance { the ine as a function of frequency 1s the para 
eter haracterizing the electrical properties of the line in a trans 
lent process If ina iven range of trequencies the input resistances 
f the line and of the equivalent scheme are equal the transient pro 
es in each will proceed in lake nannet! It is theretore essential to 
letermine the trequency range in which the equi valent scheme of the cir 
‘t (chain) should correspond to the line of the length in question 


To do this we should resolve the previous problem in a way which 


will give a result in the form of the sum of the harmonic components 


Let us apply the operator method, using the well-known procedure by 
hich the repeat ignition currents of the are in the breaker may be 
result of the app lie ation to its terminals of that 


electromotive force which is equal to the breakdown voltage. The calcul 


ited heme for this is given in Fig.4 
The overall resistance of the circuit in operator form has the fol 
lowing torr negiecting active losses) 


ip) pl cothp 


r 

Lonsidering, as inf the previous case that there 1s not time for 
the emf. of the source in the transient process to alter and assum 
for simplicity, Chat the voltage of the repeat breakdown of the 


breaker equals 1, we can express the equation for the current as fol 
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FIG. 4. Equivalent network for calculating the overcharge 
current of a line with repeat ignition of the arc in the 
breaker 


! 
(8) 
AP) pl + Z 


Ss 


By means of the expansion theorem we pass from the above representation 
to the original: 


Ppt 
Px pl Z cot hp 
\ P=Pr 


where p, are the radicals of the characteristic equation: 


s 


pL. Z,cothp (8b) 


Having solved equation (8b) by substituting the values of p, into 8a 
and making suitable transformations, we obtain the following equation 
for the current: 


where 


is the circular frequency of the natural oscillations of the line, 
length I. 
L, and C, are the corresponding overall inductance and capacitance of 
the line 
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are the positive radicals of the characteristi equation 


k 


We can also note the following 


(10) 


The ratio of the amplitude of the k th harmonic of the current to the 


first * 
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Transpose equation 10 


and introduce a new designation: 


(11d) 


The re fore 


(10a) 
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Substituting @ by 6, In equation (11) we obtain: 


And finally, expressing cosec £ in terms of cot ( and taking into 


consideration equation (10a) we can write 


i160 


7 Equation (10a) for the given ratios of the inductance of the short 
te circuit of the source to the inductance of the line, may be expressed by 
a graph. The relative magnit ude of the & th component of current wi ll be 


found according to the values obtained for 


In Fig.5 are shown the results of calculations undertaken for the 
different values of L. 


Let us now determine the voltage components For this we shall use 


the following relationship 


It is evident that 


Assuming that & = 1 in equation (10), we obtain 
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FIG.5. Spectrum of frequencies of the harmonic components 


of the current Uy, I,) and voltage (Uy, U,) of a line with 


repeat ignition of the arc in the breaker 


Substituting equations (11f) and (13) into equation (12) we obtain 


1+ 
Ly 


In Fig.5 are also shown the voltage components calculated according 


to this formula. It can be seen from equations (14) and (l1f) that the 


relative sizes of high-frequency components of voltage are greater than 


those of current component of identical value, L L, (the last equa 
sc 


tion maintains the multiplier p/P, * 1). The reason for this is that 
the overcharge current of the line creates a fall in voltage in L. 


proportional to the derivative of the current 


The calculations undertaken enable us to determine the harmonic 
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| components of the current and voltage in an unloaded line with repeat 

, ignition of the arc in the breaker. As follows from the equations 
obtained, the range of the components decreases as the frequency 
increases. It is thus possible, when undertaking to define the accuracy 
of the reproduction of the process in an equivalent scheme, to deter- 
mine the frequency range in which the circuit (chain) scheme should cor 
respond to the length of the line 


The input resistance of an unloaded line is as follows: 


jZ cot 5 


a, 


jZ, cot (15) 


The input resistance of a circuit (chain) scheme which is open at the 
end and consists of 7-section links, 1s: 


960 


n is the number of links 
5 is the size, determined from the following equation: 


cos 6 : 7 (16a) 


Expanding cos © into a power sequence we transform equation (1l6a) 
into: 


(16b) 


If o/n is sufficiently small then 5 = o/n with a margin of error 
relatively smaller than 6*/12, 1.e. Let us add another condition, 


so that the multiplier in equation (16) 1s 


may be near to unity, and differ from it by not more than 7) 


in 
|| 
Z cot 
c.in r ( p \ 
| 
where Z (16) 
r c 
/p 
| 
(l6c) 


330 Equivalent schemes for testing breaker 


1960 


FIG.6. Relationship between the required number of cells 


in an equivalent network of a line and the ratio L Ly 


1 = in a scheme for the accurate reproduction of the shape 
of the voltage (n = when L; 2.533 
‘ i 


29 = the same, for the current (n = 1 when L L; >» 1.15) 


We can then write: 


? (17) 


whence 


Calculations for the different values of 7 and comparisons with 
results obtained on a mode! of the circuit (chain) scheme, with calcul- 
ations of the line and experiments in the networks, showed that in prac- 
tice a completely satisfactory accuracy 1s obtained if, when 7 = 0.1, 
the circuit (chain) scheme passes the frequency bond of the voltage 
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components, for which U,/U, % 0.1. 


We see from equation (17) that when 7 = 0.1 then: 


(17a) 


To establish the value of ©, we must construct a spectrum of fre- 
quencies for the given L_ /L, (analogous to that shown in Fig.5) and 
determine at what value of Pp, the ratio U, U, becomes equal to, or less 


than, 0.1] 


In Fig.6 is shown a graph of the relationship between the number of 


cells in the circuit (chain) scheme, (substituting the overall induct- 


ance Ly for the inductance line, and the parameter L L, 


If we limit the requirements of the equivalent scheme merely to the 
accurate reproduction of the form of the overcharge current of a line 
with repeat ignition we may choose the number of links in the scheme 


from the conditions for the passage of the current components for which 


I, 290.1 


In this case the number of links will lessen, and the conditions for 
the extinction by the breaker of the arc of the overcharge current will 
approximate those in real circumstances but the size of the overvolt 


ages will be somewhat less than in actual fact 


For tests. therefore, in which the only task is to determine the 


efficiency of the breaker, we may make successful use of a scheme 1n 
which the number of links is based upon the requirements for the correct 
reproduction of the curve of the overcharge current. The results of the 
test will be completely reliable if the recovery process of the voltage 


at the source, after the extinction of the arc of the repeat breakdown 


during the travel of the wave over double the length of the line, 1s 


successfully attenuated 


In Fig.7 are shown the oscillograms of the line voltage and its cur- 
rent during repeat ignition of the arc ina breaker, as obtained on a 
VEI model, with L.,,/L, * 9.2 and a different number of links in the 
circuit. For the correct reproduction of voltage in a given case 1€ 1S 
necessary, in accordance with Fig.6, that n * 20 (Fig.7a) and, for the 


current. that n = 8 (Fig.7d). 


In Fig.8 is shown the oscillogram* of the process of the change of 


(Footnote on next page’ 
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FIG.7. Oscillograms of the voltages on a model of the 

line and currents, with repeat ignitions of the are 

in the breaker with a different number of cells in the 
circuit (chain) scheme 


voltage in a line of 110 kV, length 83 km, with repeat ignition of the 
A comparison of the oscillograms in Figs.8, 9 confirms 


arc in a breaker 
the accuracy of our recommendations concerning the choice of the number 


of links in a circuit (chain) scheme 


In Fig.9 we give as an example the oscillograms of the voltage and 


(Footnote from previous page) 


* The oscillogram was obtained during tests on circuits undertaken under the 


direction of Akopiana 


332 
33 
n=32 
— 
3.2 
que 
b 
1960 
320 
4 
ne’ 28 | 
| 
d | 


Equivalent schemes for testing breakers 


FIG.8. Oscillogram of the disconnecting of an 
unloaded line of 110 kV, length 83 km. 


KV 


V 


101 kV 


tee 


FIG.9. Oscillograms obtained in an equivalent network 
of a line 
= magnetic oscillogram of the current of the line 
and the voltage at the source 
= cathode oscillogram of the current through the 
breaker and the voltage at the terminals of the 
breaker. 


= cathode oscillogram of the voltage on the line 


332 
q | 4 ‘ 
4 
q 
4 ; 
: 
| 
q | 
a 
< | & 
4 Sh | 
N 
7 
! 
25.3 
758 kV 


Equivalent schemes for testing breakers 


the current, obtained in an equivalent line network 100 km in length 


Range of application of various equivalent networks 


Results of calculations showed that for good reproduction of the 
process the equivalent network should contain a relatively large number 


ft inks. But tests of breakers in su h schemes are not always required 


For example: to test breakers disconnecting an unloaded line without 
repeat ignition it is not essential to make a circuit (chain) equivalent 


network 


If the disconnexion of unloaded lines 1s also accompanied by repeat 
ignition of the ar but the disconnecting of the high-frequency current 1960 
is protracted over several (4-6) half-periods, there 18 in practice no 
vdditional accumulation charges on Uhe line but the vol tage remain 
ll be less than the amplitude ol the voltage before discon 
In other words, repeat ignition of the arc in such a breaker 
ad to the worsening of conditions for the next disconnexion 
Lonsequentiy in this case also there 18 no need to pro 


sit (chain) equivalent network 


Thus for example, tests undertaken for the disconnecting by means 
all oil breaker of 35 kV, capacitive currents of the order of 
4.19 A (the capacitor disconnected trom a transformer of 6667 kVA) 
showed that with repeat ignition of the arc of the overcharge current 
the combustion takes place over several half-periods and facilitates to 


a large degree conditions for the final disconnexion, (Fig. 10) 


During tests in equivalent networks of breakers giving repeat 
ignition of the ar partic ular attention should be paid to the speed of 
the recovery voltage at the source from which the line is disconnected 
When its value is high the overcharge current of the line may pass 
through the breaker in the course of a few half-periods, while with a 
slow speed it is extremely probable that the disconnexion of the same 
current would occur over one or two half periods Therefore when test 
ing a breaker in a scheme with one link, of with lumped capacitance, it 


is advisable to lessen the speed of the recovery voltage at the source 


compared with the standard spec ifications or conditions for the perform 


ance of a breaker in a circuit. If there is also a delay in the discon 
nexion of the arc of the repeat breakdown current (Fig.10) the tests 
may be considered as having been of maximum value. In the opposite case 


the results of the testing are inconclusive and the rupturing capacity 
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of the breaker in disconnecting unloaded lines should be checked in a 


network or in other schemes 


Conclusion 


1. From the point of view of choosing the type of test s« heme it 1s 


important to distinguish between breakers in which the disconnecting of 


unloaded lines is accompanied by repeat ignition and breakers in which 


no repeat ignition occurs There is no need to consider the repeat 


ignition in rising branches of the recovery voltage curve with a break- 


down voltage which does not exceed the phase voltage of the circuit 


When testing breakers disconnecting an unloaded line without 


may confine ourselves to an equivalent sc heme to the 


repeat ignition we 1960 
change of line with one 7-section or L shaped link, or, for a short line, 


with concentrated capacitance 


} For testing breakers which extinguish the are of the overcharge 


in the course of several half-periods 1t 18 not necessary to 


current 
of the line, since it 


rey roduce accurately the process of the overcharge 
that by the time of the final extinction of the 


is usua | in this case 
line will have faded to a considerable 


arc the wave processes 1n the 


degree 


intensively extinguish the arc of the 
to reproduce sufficiently accurately 
If a breaker 


When testing breakers which 
overcharge current, it 1s essent ial 
an equivalent network the wave process in the line 
extinction of the arc 1s being 
in the line, 


in 
requiring a long period of time for the 
tested in a scheme with poor reproduction of the process 
one must be satisfied that this period of time remains long enough even 


if there is a slight lessening in the speed of the recovery voltage at 


the source from which the line 1s disconnected. 


the realization of a universal equivalent network in 


4. In practice, 
wreakers in conditions for 


which it would be possible to test different t 
requires great expense and is connected 


disconnecting unloaded lines, 
ef a constructional nature. A con- 


with a whole range of difficulties 
struction for three-phase testing 15 particularly complicated. Carcuit 
ef the disconnexion of unloaded lines are not as difficult as 


testings 
It is therefore essential, 


for the disconnexions of short circuits 
for testing the rupturing capacity breakers, to 
the nearest high-voltage network. 

lished by tripping the free 


tests 
when building equipment 
aim at connecting this equipment to 
Then the testing of the breaker may be accomp 


= 
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lines whilst being supplied from the power-source of the installation 


The author expresses his gratitude to Z.A. Abramov, who undertook 
the calculations required for plotting the graphs in this article, and 


who also took an active part in the experimental side of the work. 


Translated by J.M. Gwynn 
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THE DEPENDENCE OF THE LIFE OF ELECTRICAL MACHINE 
INSULATION ON THERMAL AGEING* 


M.I. MANTROV 
The Moscow Institute of Energetics 
(Received 25 November 1958) 


The electrical insulation of machines under operational conditions is 
subject to the action of increased temperatures, mechanical vibrations, 
humidity of the surrounding medium and other factors which cause a 
change in its mechanical and electrical properties. The character and 
speed of these changes depend on the intensity of chemical oxidation 
polymerization and condensation processes, which take place in elec- 
trical insulating materials. Chemical processes are accompanied by a 
decrease in elasticity and an increase in the toughness and brittleness 


of the insulation 


In thermal ageing tests on sheet insulating materials, the tensile 
stress is often determined as a function of the ageing time at different 


temperatures 


Vhen investigating the thermal ageing of lacquer films the interval 
of time is determined for the appearance of cracks on the surface of the 


lacquer coating when the lacquer coated specimen is bent round a rod of 


a fized diameter. The thermal ageing of specimens is carried out at dif- 
ferent temperatures. Keeping identical conditions with respect to the 
preparation of the specimens and the methods of test, results are 
obtained from which we can deduce the relative temperature endurance of 


various lac quer coat ings 


In such tests the specimens tested are brought to the same degree of 
loss of elasticity. The time and temperature which are needed for achiev- 
ing the same degree of thermal ageing of various insulating materials, 
give us sufficient data to estimate their thermal endurance. Experiments 


* Elektrichestvo, No.6, 68-71, 1959 
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show [1-7] that the ageing process of cotton fabric, lacquer films, 
vinylflex insulation and other kinds of organic and silicone-organic 
insulation obeys the same law, which is expressed by the empirical form- 
ula: 


Int= 
/ 


where t is the time of ageing; 
T the absolute temperature; 
A and B are constants, depending on the nature of the material. 


It is not difficult to show [2, 3, 8) that, if the empirical rela- 
tionship (1) is satisfied, processes of thermal ageing take place accord- 
ing to the law of a monomolecular reaction whose reaction rate constant 


is: 


the gas constant; 

the absolute temperature; 
the energy of activation; 
the rate constant for T = 


Taking into consideration that tne universal zas constant R = 1.987 
cal /degree mole, we find that the energy of activation Q (cal/mole) is 
equal to factor B in formula (1) multiplied by 1.987. Since 
1 eV = 3.83 x 10°2° cal and the number of molecules in one mole (Avo- 
gadro number) N = 6.023 x 1073 then the energy of activation in electron 


volts is calculated by the formula: 


1 987B 1.987B 


At present, empirical data are available which confirm the possibil- 
ity of applying formula (1) for calculating the electric strength of 
various classes of insulating materials. 


In [5-7 and 9-12) graphs of the “‘life’’ of various insulating mater- 
ials are given for their thermal ageing in air and nitrogen. The period 
of time, after which the puncture voltage of the insulating material 
drops to 50 per cent of its initial value, was taken as the criterion 


of ageing. 
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TABLE 1 


voltage decreases to 50 per cent of its initial value 


Temperatures of ageing °C, at which the puncture 


Time of ageing hr 


Material 


10? 


Bakelized asbestos: 
in air 


in nitrogen 


Asbestos impregnated by silicone 
organic lacquer 


in air 
in nitrogen 


Bakelized paper 
in air 


in nitrogen 


Polyethylene terepthalate 
in air 
Black varnished cloth: 
in air 


For a better comparison of the rates of thermal ageing of insulating 
materials, Table 1 gives the values of the ageing temperatures at which 


the puncture voltage decreases to 50 per cent ot its initial value after 


a lapse of time equa | to 10* and 10° hr 


The puncture voltage of the insulating materials was determined by 


using a.c., the voltage being uniformly increased for one minute 


In these experiments, as can be seen from Table 1, those temperatures 


were applied at which (as had already been shown by the author (13)) an 


intensive evaporation of the hard lacquer films takes place. Consequent 


ly, this phenomenon also exerted its influence on the ageing rate of the 


electrical insulation 


The reduction in dielectric puncture voltage with thermal ageing 


arises as a result of a considerable increase in the relaxation time, 


which produces mechanical stresses in the dielectric, and this, in turn, 


is the cause of its gradual mechanical destruction 


Similar processes can also occur in the case of thermal ageing of 


electrical machine insulation, which usually contains high-polymer bind- 


ing and impregnating substances (resins, lacquer films etc.). Therefore, 


it is important in practice to consider the influence of thermal ageing 
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on the electric properties of various classes of electrical machine 


insulation. 


A large amount of research work has been done in order to determine 
the service time of various types of insulation affected by thermal age- 
ing. In the first tests, experiments were mainly carried out with indiv- 
idual materials, and the assessment of the degree of thermal ageing was 
mage with regard to the loss of elasticity and mechanical strength. The 
conditions under which these tests were carried out differ greatly from 
real operating conditions for insulating materials in electrical mach- 
ines, since the experiments are carried out at temperatures great ly 
exceeding the working temperatures of the machine insulation; on the 
other hand the specimens under test are not subject to the influence of 
variable temperatures, electric field, humidity, vibrations and mechan- 
ical stresses, which in practice act on the machine insulation under 


operating conditions. 


The results of the first experiments for the determination of the 
service time of insulation, which are given by various authors, differ 
widely among themselves, and this may be explained by the difference in 


conditions and methods of test. 


In view of this fact, in the last fifteen years there has been a 
tendency in the U.S.S.R. and abroad to determine the serviceable insul- 
ation time under conditions similar to the operating conditions, 1.¢ 
directly on machines. Such work has been carried out in the Lenin All- 
\nion Institute of Electrical Engineering under the direction of 
Kalitvianskii, [2, 3] 


In connexion with this work, experiments have been made in order to 
determine the service time of the following insulation for electric 
motors: glass-mica silicone-organic, glass varnished cloth silicone- 
organic and film insulatim*. Electrical motors have been tested in a 
special room with a high humidity reaching 90-98 per cent. These motors 


were coupled with the load generators and worked continuously or under 


conditions of frequent reversal of rotation for 10 12 hr per day. The 
remaining part of the day the motors under test remained idle in an 
atmosphere with 95-98 per cent humidity To prolong the action of humid- 


itv on the insulation, the motors were kept idle once a month for three 


davs. During the trials, systematic measurements of the insulation 
resistance of the motor windings were taken. The breakdown of the elec- 


tric motor under operating conditions due to faulty insulation was taken 


* Polystyrene, acetyl-cellulose, triacetate cellulose film materials, (Fditor’s 


note) 
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as the basic criterion for estimating the service time of the insulation 


Table 2 shows the values of constants A and B in the empirical form- 
ula (1) calculated by the author on the basis of experimental data (2, 
3 5.12 14. 15): the energy of activation, Q, for the thermal ageing of 
dielectrics and various classes of electrical machine insulation are al- 


so shown 


The experimental data concerning the useful life of rubber and arti- 


ficial fibres also satisfy formula (1), (16) 


| 
According to American sources |4, 17) we get the following empirical 
formulae for calculating the useful life of the insulation expressed in 


years: 


For insulation of class H((GB): 


For insulation of class B: 
ma X imum 


1x10%e 


minimum 


L—3.31x10'e 


For insulation of class A 
ma X imum 


L—=1.18x10%e" 


L=5.63x10 (E) 


where © is the temperature of the insulation under service conditions, 


Despite a large number of investigations carried out to determine 
the useful life of insulation, this problem cannot be considered as 
definitely solved, and empirical formulae may be used only for approx- 
imate calculations. This situation 1s explained by the fact that the 
operating conditions for the insulation in electrical machines are more 


varied than in the investigations which have been carried out 


1960 


(A) 
(B) 
| 
(C) 
| 
minimum 
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TABLE 2. Values of constants A and B in formula (1) and energies 


of activation for thermal ageing of dielectrics 


Material or class of insulation 


BRakelized sheet asbestos 0 76 mm thick 
for thermal ageing in air 
for thermal ageing in nitrogen 
impregnated with silicone-organi: 
lacquer, for thermal ageing in air 
impregnated with silicone-organi< 
lacquer for thermal ageing in 
nitrogen 

Black lacquer varnish 0.18 mm thick 

60 for thermal ageing in air 


Films of polyethylene terephthalate 
0.025 mm thick 
for thermal ageing in air 


Bakelized paper thick (two sheets 
O.1 mm thick) 

for thermal ageing in air 

for thermal ageing in nitrogen 


Films of ordinary organic lacquer 
Films of silicone-organic lacquer 
Glass varnished cloth in ordinary 
organic lac quer 

Glass varnished cloth in silicone 
Organic lacquer 

Glass mica silicone-organic machine 
insulation (maximum service life) |2 <j 


Glass varnished cloth silicone-organi< 


machine insulation (maximum service 


life) 


Insulation of varnished pressed paper 


12 and 3) 


Insulation class A 
Insulation class 
Insulation class 
Insulation class 
Insulation class 
Insulation class H (CB 


Insulat ion class C 


Further investigation of the problem of the useful life of electrical 


machine insulation should consist of deeper studies of the physico 


chemical and electrical processes taking place in the insulation 
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4 | B.10 | U, eV 
| | | 
15 195 | 1.033) 2.055 0.89 
16.1 1.39 2.78 1.2] 
25.0 | 1.73 | 3.44 1.49 4 
16.6 1.44 | 2.8 1.24 
21.0 | 1.16 | 2.3 
| 
a Po | 24.4 1.35 | 2.68 | 1.16 
" 21.1 1.22 | 2.42 | 1.05 4 
39 7 1.77 1.59 
17.95 | 1.15 | 2.28 | 0.99 | 
: 23.3 | 1.6 3.18 | 1.38 
19.4 1.35 | 2.68 | 1.16 
19.9 | 1.44 | 2.87 | 1.24 
20.89 1.55 OF 1.33 
4 16.09 | 1.15 28 0.99 
a 18.89 | 1.15 | 2.28 | 0.99 
3] 19.29 | 1.15 | 2.28 | 0.99 
14.1] | 0.92 | 1.82 0.787 
13.4 | 0 917] 1.82 | 0.787 
14.334) 0.99 1.% 0.85 
(45 18.98 | 1.23 | 2.44 | 1.055 
23.82 1.53 | 3.04 | 1.31 
| 1S 21.9 1.54 | +. 06 1.325 
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materials and in various kinds of electrical insulation under the influ- 


ence of temperature, mechanical stresses and the electrical field. It is 


also necessary to systematize the data obtained during preventive tests 


of electrical machine insulation 


Translated by S. Szymanski 
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ABSTRACTS FROM PAPERS PUBLISHED IN ELEKTRICHESTVO 
No.6, 1959 


The parameters of an electronic excitation system for reduced motor 
flux. N.P. Kunitskii (pp.9-13). 

Schemes have recently been developed for the ionic excitation of revers 
ible mill motors. The author presents formulae for cal. the parameters 
of a system of ionic excitation starting from the conditions for pro- 
ducing the optimum curve for variation of the motor current when the 
flux weakens and in the presence of forced current excitation which can 
be taken off at the end of the process of momentum. The method can also 
be used for schemes of ionic amplification of the motor flux with a 
rigid positive excitation current feedback. The method has been checked 
by experimental investigation into an ionic excitation scheme for an 
W-8 type motor. the divergence between the cal. and experimental cur- 
rent values varied from 2.3 to 35%. 


On relationships between the units of quantities in rationalized and 
irrationalized sets of equations for the electromagnetic field. 

L.R. Neiman (pp. 13-17) 

The work of the CEI in this field has given rise to controversy in the 
U.S.S.R and the author discusses two methods of transition from non- 
rationalized to rationalized systems of equations, namely by variation 
of physical magnitudes or by variation of the units of physical magni- 
tudes. The Soviet state standard GOST 8033-56 is described, wherein an 
absolute practical system of units WKSA is established for electrical 
and magnetic measurements, the basic units of which are the metre, 
kilogram, second and ampere. This system is linked with the rationalized 
form of equations for the electronmagnetic field. The standard also per- 
mits the use of the absolute SGS system for electrical and magnetic 
measurements, the basic units of which are the centimetre, gram and 
second. Further details of the standard are given and the author con- 
siders that this standard is the best possible at the present time 
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Hationalizing the equations for the electromagnetic field. Vi. Ranoevich 
(pp. 18-22) 

\ study is made of the controversy in this matter. The author considers 
it necessary to adopt a method of rationalizing the equations by varying 
the units and argues that this method of rationalization is based on the 


correct interpretation of the non-rationalized system and gives rela- 


tionships between the non-rationalized and rationalized units. 


Why it is necessary to stress clearly the advantages of the MKSA system 


of units. G.P. Abramovich (pp. 22-23) 


Tse WKSA system of units adopted in the Soviet state standard GOST 8033- 
56 has been criticized and compared unfavourably with the “ASK system. 

The author counters the argument that the \KSA is insufficiently accu- 

rate. in so far as the magnitude of the magnetic constant of a vacuum 1s 
fixed constant magnitude and that the formulae for relative electrodyn- 
amics are better set forth in the SGS (Gauss) system. The author argues 
that in the last analysis any system is based on experiment and that the 


\KSY system is the most practical 


The comparative advantages of different systems of units. L.A. Sena 


(pp. 23-27) 
The author argues that no “dominant’’ system of units can be established 


as (1) the number of basic units is a matter of convenience, (2) the 


choice of magnitude is quite arbitrary 
dimension to be selected for the basic units is arbitrary, (4) the laws 
and definitions behind the relationships for establishing the units are 


themselves arbitrary to a certain extent. It is therefore considered 


given the basic units, (3) the 


desirable to be governed by practical considerations and a standardized 


system for different fields of science and engineering is not therefore 
advisable. The WKSA system and the symmetrical (Gauss) SGS would however 


be widely satisfactory. “inor changes in fixed constants and definitions 


are not acceptable as they would break up existing widely used express- 


Equivalent maintenance costs for electrified railways and the parameters 
of the power supply systems. L.G. Abelishvili (pp. 28-30) 


An attempt is made to evaluate the economic cost of traction power 
supply, namely the relative change in conventional running expenses when 


the actual parameters (cross-section of the conductors, distance between 


substations etc.) diverge from optimum 
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Abstracts 


A new way of differentiating the envelope of a variable voltage curve 
S.B. Negnevitskii (pp. 30-34). 


In a number of cases it is necessary to produce a voltage proportional 
to the derivative from the amplitude envelope for alternating voltage 
Thus, for example, a problem arises in finding speed if the path is pro- 
portional to the amplitude of the alternating voltage. Another example 
is the a.c. follow up system which is stabilized by a correcting voltage 
proportional to the derivative of the alternating voltage envelope. At 
the present time there are two methods of differentiating the alternat 
ing voltage envelope: (1) that based on rectification with the aid of a 
phase sensitive rectifier and the rectified voltage is differentiated 
(2) that based on the use of tuned circuits, for example, a double 
T-shaped bridge. The author proposes a new method using a magnetic amp1|1 
fier of the choke (reactor) type. This method is applicable when the 
modulation frequency is considerably less than the carrier frequency 

The circuit of the proposed differentiating choke is given diagrammatic- 
ally. It is claimed that this is useful when reliability must be 

when the output resistance of the differentiating device must 


increased, 
be low and when a comparatively small input resistance is permitted 


Calculating the making and restraining torques in an induction type 
relay. V.K. Ponamarenko (pp. 48-54) 


The magnetic induction system with a cylindrical rotor is widely used in 
various relays and electrical metering instruments. Formulae are pro- 


posed to better understand the physical processes in relays. The distrib- 


ution of currents in the rotor is considered. The torque (rotating 


moment) and restraining torque (braking moment) are then examined. More 


exact formulae are then proposed in the article. Actual measurement of 
the torque on an IMB-17] relay of the type in question was 15% below 
that calculated by the formulae quoted. The author then investigates the 
relationship between torque and design features. Finally he considers 
the relationship between the torque and pole symmetry. 


On the instability of the temperature rise in electric locomotive 
traction motors. I.P. Isaev and E.V. Gorchakov (pp. 54-59). 


A study is made of the actual tractive characteristics of electric loco- 
motives to discover the factors causing different heating of the motors 
and the degree to which these factors each effect temperature rises 
separately. The method employed is based on the theory of probability 
and mathematical statistics. The authors distinguish three main causes 


of instability: 
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(1) different speed characteristics, 

(2) different thermal parameters and 

(3) different wheel diameters. 
Each of these factors is considered in turn. The prime factor 1s held to 
be the difference in the speed characteristics of the motors causing an 
uneven distribution of the currents between the groups of motors 
Several measures are proposed for improving stability by reducing the 
divergence in temperatures in the armatures. 


Fault currents in powerful low voltage circuits. 0.B. Bron (pp. 60-63). 


The increased power in low voltage networks in recent years has 
resulted in a need for automatic circuit-breakers with greater tripping 
capacity. The author considers electrodynamic forces between parallel 
bus-bars in the cross-connexion, between short-circuiting contacts and 
a short-circuit inside an electrical machine. The effect of short- 1960 
circuit currents on the electric are is then examined followed by a 

discussion of the pressure of an arc on electrodes. Finally he considers 
short-circuits when there is a fault in cable insulation. wee 


Ways of improving the dielectric properties of solid inorganic dielec- 
trics. K.A. Vodop’ lanov (pp. 63-68) 


A dielectric in an electric field is characterized by its dielectric 
permeability, electroconductivity, dielectric loss angle and electric 
strength and all of these parameters depend on external conditions and 
the physical and chemical properties of the insulation. In view of this 
complexity the author attempts to establish a relationship between the 
electric properties of solid dielectrics and their physicochemical 
characteristics. An important criterion which determines the qualit- 
ative characteristic of a dielectric is the temperature- frequency 
dependence of the dielectric loss angle and the dielectric permeability 
of the individual groups of dielectrics on their different structure 
and chemical composition. Crystallic dielectrics are considered with 


ionic dielectrics and polar molecules. Steatite ceramics and glass are 


also discussed 


Continuous a.c. oxydizing of the anode foil for electrolytic capacitors 
B.M. Tareev and V.M. Lerner (pp.71-76) 


To oxidize (mould) aluminium, tantalum and other value metals it 1s 
possible to apply a.c. by using single-sided conductivity of the oxide 
film of these metals. A.C. oxidation is more economical if the reverse 
currents through the oxide film are reduced and the quality of the film 
is improved. This is possible in several ways Single, two and three 
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phase continuous moulding is considered. The stability of the condi- 
tions for continuous a.c. oxidation is also discussed. 


A circuit for producing voltage waves of special shape. A.A. Akopian 
(pp. 76-77). 


In practice high-voltage laboratories need to investigate insulation 
with impulse voltages of both the standard shape and special shapes. 
Special impulse generators are used to produce these shapes with the aid 
of additional equipment connected to the output of the generator. Such 
methods are usually very inefficient and the scheme of a simpler device 
used in the VEI in Leningrad is shown diagrammatically. 


External reactances of steel conductors and bus-bars. V. Savuke 

(pp. 78-80). 

Steel conductors have been widely used in different branches of electric- 
al engineering. In short-circuit conditions the active resistance and 
internal reactance of steel conductors is greatly reduced while the 
external reactance increases. A comparison is made between the results 


of calculations for external reactance and experimental data 


On a method of making technical and cost calculations in the power 
industry. E.B. Akhundov (pp.81-85) 


When planning power supply installations it is necessary to compare a 
number of alternative schemes. The criteria for purposes of comparison 


are capital and operating costs. The case is considered when the capita 


cost of the first variant is greater than the second but operating costs 
of the first are less. The author attempts to generalize existing tect 
nical economic calculations and draws certain conclusions which he 
believes will assist the planning of optimum variants. The discussion 
turns mainly on the point that the extra capital cost of one variant 1s 


written off over the whole period of service of that installation 
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ARSTRACTS FROM PAPERS PUBLISHED IN ELEKTRICHESTVO 
No.1, 1960 


The tasks confronting our electrical industry. N. 1. Bogisenko 


An account is given of the plans for developing the production of turbo 


and hydro-electri¢ generators, electrical machines, high-voltage trans- 


mission lines, stati converters, ele trical traction, electrical heat- 
ing and welding equipment, electrical drives and switchgear, insulation, 
chemical sources of current and cermet products during the present T- 
year plan. The co-ordination of the plans for the electrical industry 
and associated industries 1 left to the State Committee of the Council 


of Ministers | _S.S.K. for Automation and Engineering. 


The supply system of the synchrophasotron electro-magnet at the consoli- 
dated Nuclear Research Institute. A. Gashev, E.G. Komar, N.A. Monoszon, 
Spevakova and A.M. Stolov. 


The sym hrophasotron inf question claims to the be largest existing 
accelerator of charged parti les, Protons are accelerated to 10 million 
electron volts. The supply system for the magnet 15 intended to create 4 
periodie ally varying magnet field with a repeat frequency of 5/min. 
Characteristics of the supply system: maximum output 140 WW, maximum 
current 12.8 kA, maximum voltage 11 kV, reserve energy '" the magneti« 
field of the magnet 148 x 10° joule, losses 1” magnet winding 4,1. A 


description 45 given of the power circuits. 


Some problems of the dynamics of automated induction motor drives. 
V.A. Shubenko. 


The results are given of certain investigations made by the author into 
the effect of elec tromagnetic transient phenomena caused by commutation 
, v on the dynamics and reliability of modern automated asyn- 


intensified operating conditions. Starting, reversing 


are considered. 


Equal or achines using physical quantities, and in per unit 


forr 
OQwing to im psten in the use of different systems of physical and 


relative units mm! athematical ¢ alculations, the author int roduces the 
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results of the elaboration of 10 systems of units, and analyses and 
compares them in order to discover the best systems and make it easier 


to understand and compare the work of different authors using different 


systems. Use is made of relationships and equations true for ‘ideal’ 


electrical machines or groups of machines. Synchronous machines with a 


large number of rotor circuits are a special case. 


Optimum control systems for the flying shears drive in a rolling mill. 
S.M. 


Domanitskii. 


An optimum control system is defined as a non-linear automatic contro] 


system which ensures maximum quick-action with definite limits super- 


posed on the co-ordinates of the object to be controlled. The theory of 


optimum systems as developed in the U.S.S5.R. is applied to a d.c. motor 


in the drive for the shears of a strip rolling mill. A description is 


given of the control system and the results of experimental investiga- 


tion on electronic modelling equipment are discussed. 


Transients during automatic step-type chronometric control of electric 


BLP. 


The author indicates by a number of examples the possible methods of 


locomotives. Petrov. 


investigating the properties of time control for the intermittent start- 


ing and braking of traction motors on electrical rolling stock, Due 


account is taken of discontinuous change in the circuit parameters. A 


study 1s made of control systems with and without fixation of the posi- 


tion of the group equipment, (rotation of the shaft of the equipment). 


On obtaining high voltages across smal! converter transformers. 
P.V. Tinofeev and Iu.A. Simchenko. 


Light is thrown on the design and construction of transformers for 
obtaining impulses of high transient voltages. A general study is made 


of the problem of obtaining high transient voltage pulses in the trans- 


former with linear and non-linear core magnetization curves, in the 


presence of powerful magnetic connexion. Attention is paid to the cond- 
itions for optimum tuning of the transformer, the maximum secondary 

voltage and the effect of non-linearity in the core magnetization curve. 
The use of transformers with a powerful magnetic connexion and a closed 


steel core with low magnetic resistance is advocated. 


A new method of testing the rupturing capacity of high voltage circuit 
A.1. Ralakin. 


breakers. 


In order to test the rupturing capacity of bigger and more powerful 


circuit breakers and save on the cost of test installations and shock 


generators, the author proposes a new synthetic method in which the 
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energy source of the recovery voltage contour is formed from the energy 
sources of the current contour so that all the energy sources in the 
scheme help to create both the total short circuit current and the total 
recovery voltage. The recovery voltage contour is formed automatically 
when the current reaches zero and so there is no need to synchronize the 
contours. Existing equipment intended for direct tests can be used for 
the method in question. A description is given of the system which 


appears to be very satisfactory. 


On using semi-conductor rectifiers in electrified urban transport. 
1.S. Efremov, N.A. Zagainov and S.S. Tikhomirov. 


lo increase the output of tram and trolley-bus substations, decentralize 
the power supply, introduce automatic cont rol into the substations, 
reduce eddy and parasitic currents and improve traction networks, the 
authors consider a changeover of urban transport to alternating current 
and the installation of silicon rectifiers directly on the vehicles and 
advocate the use of the 100 A and 300 V silicon rectifiers now in pro- 


duction in the U.S.S.R. 


Asynchronous torque components of a synchronous machine, with compensa- 
tion of the field circuit resistance, B.K. Karpenko. 


A mathematical study is made of one of the methods of increasing the 
asynchronous torque of asynchronous mac hines created by the excitation 
winding. It is claimed that compensation of the resistance of the excit- 
ation circuit can produce asynchronous torques created by the excitation 


winding equal to (1.2 to 1.5) My. 


The achievements of P.S. Zhdanov in the field of power system stability. 
V.A. Venikov. 

The late P.S. Zhdanov, former professor at the Moscow Power Institute, 
was a specialist in static and dynamic stability, but his interests ran 
much wider: he was for instance consultant to the Moscow - Volga hydro- 
electric power station project. The artic le is in rememberance of his 


passing away 10) years ago. 


Generating undamped high-frequency oscillations by means of controlled 
electronic discharge gaps. A.D. Artym and A.V. Donsko1. 


4 study is made of the principle underlying the production of fading 
oscillations in discharge schemes using 1oni¢ controlled valves (dis- 
chargers), the de-1onization time of which is considerably longer than 
the period of the oscillations to be generated. The character of fading 


high-frequency oscillations in certain cases, for instance in induction 


tossible to use them as well as non- fading oscilla- 


heating, makes it 
red together with the optimum rela- 


tions. Generator s« hemes are conside 
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tionships of their parameters, which ensure maximum output for a given 
current impulse and a discharge of given electrical strength. 


Fundamental laws on the impulse strength of the insulation in air-filled 
switching apparatus. V.1. Sysoev. 


The article supplements previously published work of the transformer 
laboratory of the Lenin All-Union Electrical Engineering Institute on 
the use of compressed air as insulation for switchgear. The test gear 
was filled with air from an industrial-type compressor as used at sub- 
stations with air-blast circuit breakers. A standard pulse wave of 
1.5/40 usec was used, The distribution of the probable values of the 
impulse puncture voltages are plotted and discussed in considerable 


detail. 


Designing full-wave rectifier schemes. L.A. Sinitskii. 

The author suggests a way of designing a circuit with several rectifiers 
by similar equations to those used for designing a circuit with one 
rectifier. An example is given of a two half-period rectifier of single 
phase current, (bridge « ‘heme and a scheme with a neutral conductor). 


On pulling synchronous generators into step. M.C. Portno1. 


A method is proposed for calculating the conditions for the restoration 
of synchronism and determining the duration of asynchronous operation. 
An example is given of a turbo-generator feeding power into a system of 
infinite power. Conditions for the resynchronization of one and two 
venerators are considered separately, Two appendices deal with the 
method involved and the comparison of experimental and theoretical find- 


ings. 


Some ways of improving the characteristics of reactors with d.c. magnet- 
ization. I.S. Pinchuk and F.A, Zykin. 


The results are given of experimental investigation of the effect 
certain factors on the shape of the characteristics of reactors 
d.c. magnetization and consequently on the construct 1onal dimer 
the power of d.c. sources and reactors with magnetization sic! 
used to control the speed of induction motors. Certain prope 


the article also apply to the construction of magnetic ampli) 


reactors for a different purpose. 


Gol ’dgefter 


A composite a.c. auto-compensator. L. la. Miziuk and V.1. 


In view of the difficulty of measuring smal] alternating voltages 
against a background of intensive interference, a method is proposed of 
} 


introducing a negative feedback into the selective device to st. .jaze 
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the parameters and reduce errors in measurement. For this purpose the 
negative feedback is fed through a synchro-phase filter which works on 
the double conversion of the frequency spectrum. The auto-compensator, 
tested with different resonance and quasi-resonance amplifiers (with 

T-shaped AC-filters), has considerable advantages as regards stability 


for selective devic es of the metering type. 


Taking oscillograms with voltage dividers connected in an H-circuit. 
A.M. Ryvkin. 


\ studv is made of the effect of the loss on distortion, the character 
of distortion, the possibility of using dissimilar dividers and the 


participation of a divider in several H-shaped schemes at the same time. 


Automatic voltage regulation using the electrostatic capacitance of the 
p.n. junction as the non-linear element of the measuring device. 
1960 


L.S. Berman. 
The electrostatic (barrier) capacitance of the p-n junction has a num- 
ber of advantages over variable condensers which make it suitable as a 


non-linear element in metering devices for automat control purposes, 


especially for low direct voltages of several V or a fraction of LV. A 


description is given of a scheme for voltage regulation using a p-n 
‘unction with a stabilization factor of 120. Temperature compensation is 


however necessary. 


‘ 


CALCULATION OF THE CHARACTERISTICS AND OVERLOAD 
CAPACITY OF COMPOUND SYNCHRONOUS MOTORS* 


I. 


M. 


POSTNIKOV and A.I. LISHCHENKO 


Kiev 


(Received 3 January 1959) 


The results of investigations of synchronous motors with mixed excitation 
using semiconductor rectifiers were published in [1-3 |. The economic 
efficiency in using these motors constructed either on the basis of batch 
produced synchronous machines (type SDK) or asynchronous machines (type 
ASDK) is beyond doubt. Motor type ASDK, besides its large cos © and over- 
load capacity, also has another advantage; namely, if the rectifiers are 
damaged, it automatically changes over to asynchronous operating condi- 
tions and continues to run until the defect is removed. Both types of 
motor are now finding still wider application. Therefore, special atten- 
tion should be paid to developing a sufficiently accurate and practically 
convenient method of calculating the operating characteristics of these 
motors and determinating their optimum parameters. 


In this article results are given of experimental verification and 
efforts to improve the methods of calculating the characteristics and 
overload capacity of motors with mixed excitation; these methods were 
discussed in [1,2]. An ASDK motor (based on AK - 82 - 6), of 40 kW power, 
380 V, 1.000 rev/min underwent experimental tests. 


It is advisable to calculate the excitation system and motor character- 
istics in the following way: 


1. Characteristics of idle running and short-circuit conditions are 
constructed mathematically or empirically. 


2. The stator and rotor parameters are determined by the usual methods 


either from an experiment or by calculation; viz. (a) reactances of the 
stator, x. and rotor fs dissipation; (b) synchronous reactance neglect- 


ing saturation ty Raq + %,; (c) the stator resistance 7 


.; (d) the rotor 


* Elektrichestvo No.7, 8—13, 1959, 
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resistance, r,*. When the rotor is provided with a damping winding, 
desirable to have asynchronous machine starting characteristics. 


3. For a correct choice of parameters of the current transformer it is 
necessary to determine: (a) the excitation current for the rated load and 
COS Gy, (b) maximum stator and excitation currents, (c) the coefficient 
of compounding; (d) the transformation ratio of the current transformer. 


The excitation current 15 determined by the Potier diagram for given 


COS Oy graphically or analytically. 
+ 2/i,, sin(? 


x. COS 


1960 


y (U+/x, sing Ircos¢) + J/*(rsing- 


The excitation current ! in fractions of a unit 15 determined from 


the value of E. found and from the real magnetizing characteristic 
plotted in terms of fractions of the unit assumed. 


The determination of the excitation current at the rated load is done 
in the following way. For l, cos ®= 1, we get approximately 


\ } tiny, 


- the excitation current found from the real magnetization 
characteristic, corresponding to the rated voltage and 
expressed in fractions of the assumed unit of the excitation 


current, 
The unit excitation current 


x (3) 


where tg 15 the excitation current found from the linear magnetizing 
charactersitic for U= Uy; 


In the case of separate feeding of the rotor windings from the trans- 


formers CT and VT (Pig. 1) ry, 18 accordingly split up into r,,. and 


r 


fe 
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Kod is the non-saturated value of the reactance of the armature 
reaction; 


To express the current try in amps, it is necessary to multiply (2) by 
the value of the current t,,,). 


The magnitudes of the maximum stator and excitation currents depend 
on the value of the coefficient of compounding, on the transformation 
ratio of the current transformer and on the excitation circuit used. 


For the circuit that ensures a linear law of increase of the excita- 
tion current 


(for const), 


we can obtain the coefficient of compounding from the rated conditions: 


60 (4) 


Here we assume ly = 1, and ty, as in equations (1) and (2). 


The transformation ratio of the current transformer: 


(9) 


where eae is the rati * the lirect rectified current ti the ~urrent 
for a three-puase bridge circuit; currents 1, and//, are 
expressed in amps. 


For the case of feeding two rotor windings along two mutually perpendicular 
axes (Fig. 1) the motor excitation current varies according to the follow- 
ing law: 


(6) 


The transformation ratio of the current -transformer can be determined 
more accurately by the formula: 


is the excitation current from the voltage transformer, reduced 
to the current Len 


tye then for the circuit in Pig. 1, according to 


ki 
| 
| k . 7 
¢ 
1, 23/ \ (/) 
where 
hers “4 


jus motors 


determined from the condi- 
the given maximum torque. 


f the unit assumed, 


circuit r, is expressed 


1960 


pe ASDK when feeding 


tor windings. 


sin (4 


r 
arctan 
X 


(9) 


where x) the reactance of 


can put the reactance equal to * 
(reduced to the power 


expressed in fractions of the unit 


feeding line 
istance r 18 equal to the sum of the resistances of 


the machine). Res 
transformer r., rectifier rp and the exci- 


the stator winding r., current 
‘hould be applied to the stator 


tation winding ry, All these resistance: 
and expressed in fractions of a unit. 
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For calculation of transformers and rectifiers we can assume: 


where 


Pe 
[ 2] (il) 


The power of the current transformer ?’. can be determined by the 
formula 


Assuming the rectifier efficiency 7, = 0.75 and the 
efficiency 7. = 0.9, we get: 


current transformer 


= 1,48i 


ten’ (13) 


where ry, - the excitation winding resistance at 75°C, in ‘’. 


syn- 


As in the case of normal synchronous machines, for the compound 
chronous motors the maximum value of the torque vill be obtained 


for the 
we can find the 
maximum motor torque expressed by its maximum excitation current: 


angles near to the value @ + p 7/2. Hence, from (8), 


M. (14) 


where 


(15) 


From (14) we find the maximum excitation current, assuming the value of 
(it should be smaller than Mi U-/4r; usually 4. = 1.6 to 2): 


(16) 


As can be seen, maximum torque and maximum excitation current depend only 
to a small extent on saturation since the ratio 


(4) +5) (17) 


\ *ad ad 


varies little in the presence of saturation 


Pp N 175) 19 
(iz) 
= 
ad 
2 U U 2 M. 
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Assuming that the angle between E imax and U is equal to 7/2, we obtain 
the maximum stator current 


= y max (18) 


where 


For a given maximum torque, assuming that the relationship t;= '¢ * 
kT is linear, we can determine the coefficient of compounding by the 
formula: 


2= (19) 


where i’. is the current when [=0, which may differ from the real value, 
since it is found by assuming that characteristic [, f(y 
is linear. 
If we stipulate that cos ¢y= ! and that V... has the desired value 


simultaneously, then we get two equations: 


(20 
(20) 
m 

Assuming that the slopes of the curves are equal, i.e. ky = ke = k 
and ™ , we get from (20): 
i, — i, 
k = 2 
(21) 
The initial excitation current in this case will be ten = la kody. 


It is not necessary to determine the coefficient of compounding as-a 
function of the initial value of the excitation current L% if we define 
it as a gradient of the tangent to the curve of the controlling character- 
istic for I = 1 and cos ¢y~= 1. From (1) we obtain approximately: 


and in this case current t, 15 determined from formula 2. 


Experiment shows that the characteristic of compounding, ', = fb, 
cannot be represented as a straight line when the motor 15 overloaded 
(I > Iy) since in this region the value of k decreases with the increase 
of the current I. Determination of the real relationship t;= f,(1) in 


the region of the currents I > Iy would permit a more accurate determin- 
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ation of the motor maximum torque. The increase of the coefficient & in 
order to obtain a greater overload capacity is limited by the condition 
of stability with respect to natural oscillations; moreover, the increase 


of k considerably reduces the motor efficiency. Consequently, there exists 
an optimum value of the coefficient 


of compounding, which is probably 

near to the value determined by formula (22). Its accurate value can be 
found only as a result of extensive investigations of machines of diffe- 
rent constructions. 


4. The number of parallel connected elements in the arm of the current 
rectifier is 
ki 
ort Mm, — (23) 
j Jl Jl 


where ty is the permissible current of an individual element, A: 


1) [a); [a]. 


5. The number of parallel connected elements in the arm of a voltage 
rectifier is 


(24) 


where Ur, is the real excitation current on no load, in A. 


6. The number of series connected elements in the arm of the rectifier 


for voltage and current transformers (in the case of separate operation 
of CT and VT, Fig. 1) is 


(25) 


where uy is the permissible back voltage of a single element of the 
rectifier; 


l ty and l fe are the resistances of corresponding excitation 
windings, {. 


7. Transformation ratio of the voltage transformer will be: 


(26) 


where 1.3 is the factor accounting for the voltage drop in the rectifier 
and voltage transformer; 


Upy is the phase rated voltage on the high voltage side, V; 
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ratio of the rectified voltage to 


9,34 is the factor equal to the 
the transformer phase voltage. 


Analytical and graphic methods for the construction 


of operating characteristics 


From the voltage equations of a synchronous motor it follows that the 


current consumed by it 1s: 


(27) 


+U?—2EU (/z)° (23) 
Hence, if we use the dependence of the excitation e.m.f. on the current 
and the coefficient of! compounding 


E,=E, +kx,,! = 29) 


sino 


cos 
lz 

Equations (20) and (31) permit the analytical determination of TI, 
cos | and the torque in fractions of a unit 


M=UI cos¢—!’r. (32) 


J] = x. Under real conditions 
of the motor the value of k 
which is determined 
the motor can 


As can be seen from (30), when kx 4 = 2, 


with the increase of current and over loading 


and there exists a limiting current / 
rs of the compounding circuit. If k>1, 
xcitation and unstable operation. There- 


decreases 
by the paramete 
enter into the region of self-e 
fore it 1s desirable to keep ® F 


is more convenient to use @ graphic method 


hodograph. Let us assume that we have a com- 
fc), which can be represented not only as 
= const when 


Experience shows that it 
for contructing the current 
pounding characteristic ty 
for the circuit ensuring | 


a straight line ty Ly 
in the general case taking into account 


k const, but also as any curve 
of factor k as a function of current /. 


the variation 


Z 

we get: 

kx { $9) 
] 
kx (f { os 9) 1? j | 2E cos § 
(30) 
(31) 
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Striking from the points O and 0. (Fig. 2) arcs with radii equal to 
I and i (x0 4/2) respectively, we obtain points of the hodograph and 
cos ¢ The situation of the centre 0, is found from the value of the 
vector b 6g (%qq/2) and the loss angle p. Here, in order to account for 
saturation, it is necessary to take the no load excitation current as L 40 
when Uy = 1, using the real magnetizing characteristic. 


The current hodograph constructed in this way also permits the deter- 
mination of the overload capacity. 


ar 


FIG. 2. Hodographs of the current 
I of the motor type ASDK 82-6: 


for = 0.476 (experiment); 


— calculated by the method 
suggested for k. = 0.46 and 
k = 0,97; 


3 — the same as above, but for 
k # const obtained from the 
real characteristic f,(I); 


4— calculated by the method dis- 
cussed in [1 


O75-05 ~025 0 1, 275 100 


Another method of constructing characteristics accounting for satura- 
tion is as follows. Using the Potier diagram we construct a family of 
controlling characteristics 1, = for various cos Then, super- 
imposing on these ehavesteriekies the compounding curve 1, = f,), we 
obtain a series of points of intersection, [2, Fig. 3]. Using points so 
obtained we may construct graphs of cos d= f(/) and of the torque M = 
UI cos d- 

Comparison of the results obtained by calculation and 
from experiments 
The motor ASDK 82-6 used for tests had the following characteristics 
Uy = 380 V, a = 83.5 A, Py = 55 kVA, = 4, x= Si. 


0.103, 
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Characteristics 


2 =| r* 


resistance of the rotor phase r, « 0.415 
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itation characteristi« 


(experiment). 


The excitation current when [ { y: (a) according to the linear 
characteristic t~-= 11 A, (b) from the real characteristic of magnet 


tion t,. = 26 A; unit of the excitation current ty.) = 47.2 A. 


Currents in fractions of the unit: tg = 0.233, ty = 0.55. 


The rated excitation current when COS ©, 


i, 140,55 =1,14 (iy =1) 


The rated coefficient of compounding: 


———— == 0,875. 

+055 
motor limiting torque (with respect to ohmic resistance): 


maximum excitation current at 


= 2.88. 


maximum e.m.f. and maximum stator current 
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2.8 


The maximum coefficient of compounding (for M. 


1.14 
097 


0 O25 


Current hodographs « > m r type ASDK 82-6 


(experiment 


FIG. 4. 
for different values 
The number of elements in the arm of the current and voltage recti- 


fiers 


my = 10, ny 


Transformation ratios of the transformers: & = 0.46, k. 


In order to investigate the dependence of the motor characteristics on 


the coefficient of compounding & the following values of the transforn- 
ation ratio of the current transformer R were assumed: 0.405; 0.435; 
0.476; 0.526; 0.59; 0.67; the transformation ratio of the voltage trans- 
former k - 16.3. The stator current characteristics, obtained both ex- 
perimentally and calculated, for different values of k. are shown in 
Figs. (2) and (4). 


From comparison of these curves it follows that the method of calcula- 
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tion proposed gives sufficiently satisfactory results. Curve (1) in Pig.2 
was obtained experimentally for k= 0.476, curve (3) was obtained by 
constructing the current hodograph on the basis of a real relationship 
t,= f iD when k. - 0.46 and k = var; curve (2) also was obtained by a 
etaphical construction, but when & = 0.97 (k. = 0.45). As experiments 
have shown, the increase of the coefficient of compounding (k > &,..) 
brings about a substantial decrease in efficiency with an insignificant 
increase in the motor overload capacity, (Pig. 4). 


Conclusion. The investigations of the synchronized asynchronous motors 
which were carried out both with direct compounding (ASDK) and with in- 
direct compounding, i.e. with the use of the machine exciter (ASDKy), 
confirmed the desirability of their wider use, particularly if it is de- 
sired to increase the cos 4 of installations without using special methods 
of compensation. 


Translated by S. Szymanski 1960 
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CIRCUIT FOR SYNTHETIC COMMUTATION IN RECTIFYING 
INSTALLATIONS OF SINGLE PHASE CURRENT* 


B. A. METELKIN 


Institute of Complex Transport Problems of the Academy 
of Sciences of the U.S.S.R. 


(Received 5 February 1959) 


In the U.S.S.R. single-phase a.c. traction of 50 c/s is now being intro- 
duced on a large scale. Existing rectifying installations on electric 
locomotives have a low power factor which usually brings about a consider- 
able decrease in the rectified voltage, and this in turn adversely affects 
the speed characteristics of electric locomotives. 


The restricted dimensions of electric locomotives make difficult the 
use of the usual methods of compensating the reactive power. To remove 
this defect we can use circuits with synthetic commutation, which are 
remarkable in that they generate the reactive power directly at the point 


of consumption. The works of Babat, Kaganov and Chizhenko [1-3 ] discuss 
the construction of such circuits. In these works circuits with artificial 
commutation were investigated with respect to their application in multi- 
phase installations. Under the conditions of single-phase two-half-period 
rectification they have certain particular properties and therefore re- 
quire additional study. 


Let us consider a circuit with an additional valve and a charging in- 
ductance shown in Fig. 1. It is essentially a modification of Kaganov’s 
circuit adapted to the two-half-period rectification of single-phase 
current. In ordinary rectifying circuits transition of the current from 
one anode to the other occurs in an ideal case when the voltage on the 
second anode e, is greater than, or equal to, the voltage on the first 
anode e,. In order to make the second anode commutate before the natural 
point of commutation, it is necessary to introduce into the commutating 
circuit an additional e.m. f. e, which would increase the voltage on the 
second anode and thus produce the condition necessary for premature 
commutation. For this purpose an additional node of artificial commutation 
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Synthetic commutation in rectifying installations 


is introduced into the circuit; this node consists of a capacitor CG 
charging inductance CJ, and an auxiliary valve Fes 


In the circuit under consideration, the action of the node of arti- 
ficial commutation occurs as follows. During the period of the flow of 
current through any of the main valves, capacitor C is charged. Its 
voltage at the end of charging exceeds the phase voltage, which 1s ex- 
plained by the action of the charging inductance connected in series with 
the capacitor. If at this moment the auxiliary valve V. becomes conduct- 
ing, the capacitor © starts discharging into the working valve. This 
brings about, after a certain lapse of time, a decrease of the current 
in the valve to zero (the first period of commutation). From the moment 
when the transition of the current into the auxiliary valve ends (this 
moment being determined by the angle of commutation y,), the anode circuit 
of the main valve stops feeding the d.c. circuit and is temporarily re- 
placed by the anode circuit of the auxiliary valve. When the capacitor 
voltage, decreasing during the discharge, becomes smaller than the voltage 
of the valve, the valve in its turn fires and the second commutation 
period, which is determined by angle y,, commences. After that the pro- 
cess repeats itself. The earlier extinction of the first valve, in com- 
parison with the natural moment of commutation, shifts the primary current 
curve in the direction of the increasing lead. 


To estimate the efficiency of the artificial commutation system, it 15s 
necessary to determine the power of the individual elements of the 
auxiliary node and also to investigate the influence of the artificial 
commutation on the main elements of the rectifying installation (main 
transformer, valves, etc). The magnitude of the commutation capacitances 
is determined by the following condition. When the decreasing voltage of 


the capacitor during its discharge u_ becomes equal to or smaller than 
voltage e. of the valve which just operated (Fig. 2), conditions are 
created for the restriking of an arc in that valve. In order to prevent 
this it is necessary to calculate the capacitance of the capacitor C so 


that the equalization of voltages u_ and e. should take place not sooner 
than after an interval of time determined by the angle 


A>y. 


is the angle of flashover in the first period of commutation 
(i.e. at the transition of the current from the main to the 
auxiliary valve); 


is the angle of recovery of the controlling action of the 
rectifier grid. 


Let us establish the following equation: 
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V 2E, sin(a, — 9), 


where U. is the capacitor initial voltage; 
\l is the capacitor voltage drop during the first period of 


cy 
commutation; 


is the voltage drop during the time of the valve de-ionization: 


is the effective value of the transformer phase voltage; 


is the angle of control of the auxiliary valve. 


FIG. 1, Circuit for artificial commutation. 
T-— transformer; V,, V, — main valves; V, — additional valve; 
C = commutation capacitance; CI — charging inductance; 

SC — smoothing choke; M— traction motor. 


| - 
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FIG. 2, Current and voltage diagram. 
i’ » ~ phase voltages of the transformer secondary windings 
t — anode current; t. — Capacitor current during the 

period of charging; ie capacitor current in discharge. 


Let us write the left hand side term of the equat in an expanded 


form: 
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U,=hk,V 2E,, (2) 


where R. is the coefficient expressing the degree of excess of the 
capacitor voltage over the phase voltage. 


For the linear commutation, 
(3) 


where tay; is the commutation value of the current (i.e. the current 
' which is to be transferred from one valve to the other). 


For the artificial commutation circuit it is necessary to choose valves 
with the smallest angle of de-ionization, of the order of 2 — 6°. Taking 
this into consideration we may assume that the capacitor discharge current 
during the period of de-ionization remains constant in magnitude and 
equal to layie Therefore we may consider that the value of the capacitor 
voltage drop for this period will be equal to 


bay? 
(4) 
Substituting expressions 2, 3 and 4 into equation 1 and performing 
some transformations, we obtain the formula for determination of the 


lant (< + 108 


capacitance: 


In the case of ideal smoothing of the rectified current its commuta- 
tion value is equal to its mean value, i.e. tayi™ l For the pulsating 
rectified current ‘yy; is somewhat greater than the mean current value. 
Introducing a certain coefficient k accounting for the pulsation, we 
can express ' 1), by means of ly which is more convenient for the pur- 
pose of calculation: 


Finally, the formula for commutation capacitance assumes the following 
forn: 


— sin (a, — 


C 
For the pulsation corresponding to the real conditions, k, = 1.1 - 1.18. 


The power of the charging reactor is determined by its inductance and 
the effective value of the charging current. 
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The magnitude of the reactor inductance is determined by the condition 
that the half-period of natural oscillations of the charging circuit 
should be slightly greater than, or equal to, the time of operation of 
the main valve, i.e. that the charging of the capacitance should be com- 
pletely finished at the moment when the grid makes the auxiliary valve 
conducting. 


The half-period of natural oscillations of the charging circuit is 
equal to 


T 
T=, 


w 
where L. is the inductance of the charging choke coil; 


Ly is the primary reduced inductance; 


A. is the angle of combustion of the auxiliary valve. 


After certain transformations we get the final expression for the value 
of the change inductance: 


x. 
(7) 
c 
2) 


where 


is the relative frequency of natural oscillations of the charging 
circuit equal to 


{2, 


c 


Since, in calculating the magnitude of the charging inductance, we 
want to satisfy the condition that the charging of the capacitor should 
be nearly finished at the moment when the auxiliary valve becomes con- 
ducting, we may assume that the charging current will be represented by 
a certain sinusoid: 


where Pa is the amplitude of the charging current; 


A 


. is the time of charging the capacitor. 


Since the electric charges in charging and discharging of the capacitor 
are equal, we may find the amplitude of the charging current. Substituting 
its value into formula 8 we get 


c 


From this formula we may easily find the effective value of the current 
we need: 


i=/_sin—#8, (38) 
‘ cc A c : 
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he charging current 
valves a al 


‘ulated power 


1960 


TY 


ing current. anit 


f considerabl« 


investigations have shown, the first voltage drop 1 
extinction of the vaive 15 small whilst, in 

n, it assumes large values due to the lag in firing. 

ltage maximum value under normal conditions is the same 


ordinary circuit. 


Calculations performed for certain definite conditions t 
for an electric locomotive of 4000 kW, the necessary power ° 
mutation capacitors was 1100 kvar and that of the charging choke 
950 kVA . The number of auxiliary valves is calculated from the conditior 
the mean value of the discharging current 15 5.0 — 5.5 times smaller 
thar e load current. In our case two valves are needed. Total weight o! 
the additional equipment was about 4.5 ton. The disposition of this equip- 
body of an electric locomotive may present certain difficulties, 
they are not unsurmountable. Moreover, if we consider that there is a 
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real possibility in the very near future of making capacitors with 
characteristics of 1.5 ke/kvar [4], then the total weight 


specific weight 
of the additional equipment will be reduced to 3 ton and the problem of 


its disposition will become simpler. 


( 


For a complete assessment f the 
commutation, onomical calcul 
which tw types oO t locomotives were compared 
usual two-half-period circuit and another with a 


commutation. 


The latter locomotive has a greater specific und a smaller effi 
j ‘iency (due to the losses in the addition f ») it a larger power 


? he 


factor. Comparison showed that the ratio of the specific costs o! 
second and the first locomotive is equal to 1.06, which Is 1.04 times 
than the admissible ratio which can be jetermined from the condition 
if using the second 


their economic equivalence. This speaks in favour 
type despite the necessity of an additional equipment. 


Conclusions 


(1) The circuit of artificial commutation with an additional valve and 
charging inductance permits the increase of the value of cos « 
at comparatively little extra cost. 


(2) Within certain limits this circuit permits a control of the degree 


of compensation of the reactive power consumed by an electric locomotive. 


(3) The use of the system is economically fully justifiable despite 
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certain increase in cost of the locomotive. To illustrate the operation 
of the circuit, an oscillogram is given, which was recorded on a model 
installation (Pig. 3). 


Translated by S. Szymanski 
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GRAPHS FOR DETERMINING THE HARMONIC COMPOSITION 
OF MAGNETIZING CURRENT WHEN A DIRECT FIELD IS 
SUPERIMPOSED ON AN ALTERNATING FIELD* 


M.S. LIBKIND and G.I. KUGUSHEV 
Institute of Power, Academy of Sciences of the U.S.S.R. 


(Received 20 April 1959) 


A study of the harmonic composition of a magnetizing current when a strong 
direct field is superimposed on an alternating field with a frequency of 
50 c/s has been undertaken in connexion with work on the creation of new 
static control devices for shunt (transverse) compensation of alternating 
current transmission lines. In these investigations the principle of 
magnetic amplification was applied to a power plant of large output. 


Experiments were carried out on the magnetization of heavy power trans- 
formers in the Mosenergo system (in GES-13 in 1954 and in a 400 kV sub- 
station in 1956). Small specimens of electrotechnical steel were also 
analysed in conditions of superimposing a direct field on an alternating 
field {1}. 


In the process of study, considerable oscillographic material about 
the shape of the magnetizing current curve in different conditions was 
accumulated. The singularity of these studies is that they were carried 
out with comparatively large values of the direct component of the 
magnetic field intensity which reached 120 A/cm. Results of tests with 
small samples and apparatus of large output conformed well with each other. 


It was ascertained that even negligible deviations in the shape of the 
magnetic flux curve from the sinusoidal curve appreciably influences the 
harmonic composition of the magnetizing current. Thus, for example, the 
presence in the magnetic flux of a triple frequency component with a 
relative amplitude of 3 per cent causes a change in the content of the 
third harmonic in the magnetizing current by a factor of approximately 
1.1 and of the fifth by a factor of 1.5. However, the volume of the first 


current harmonic is practically constant. 
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The initial angles of displacement of the higher harmonics of the 
magnetizing current relative to the first harmonic depend on the losses 


in the apparatus and on the resistance of the external circuit. In an 


ideal circuit without losses these angles of displacement would amount to: 
for the third and multiple harmonics 180°; for all the remaining higher 
harmonics of uneven ier of 0°: for the second harmonic and all harmonics 


of even order 90°. 


In our tests on models and also on objects of large output the devi- 
ations of the angles o! displacement of the higher current harmonics from 


the ideal values produced did not exceed 10° - 15°. 


On the basis of experimental material and calculations, graphs were 
plotted as shown in Figs. 1 and 2 for steel of the type E41 and in Figs. 
3 and 4 for steel of the type E 310. The graphs concern the standard 
characteristics of magnetization and are valid for sinusoidal magnetic 


flux. 1960 


The graphs in Figs. 1—4 enable the harmonic composition of the 
agnetizing current to .e determined in conditions of the simultaneous 
f direct and alternating fields correct to 10 per cent for the 
harmonic, to 40 per cent for the second, third and fourth harmonics, 


o an order of magnitude for the remaining harmonics. 


These errors are explained mainly by the distortion in the shape of 
the magnetic flux curve (inev itable in pract ical conditions) and by the 
non- coincidence Of the unknown characteristic of magnetization from the 


typical. 


Example. Let us examine an example of the determination of the harmonic 
composition of magnetizing current by means of proposed graphs. Let us 
assume that the magnetic circuit of the apparatus 15 made from type E 41 
steel. The amplitude of the alternating componcnt of induction would be 
BL = 1.6 Wb/m’, and the direct component of field intensity #, = 110 A/cm. 


By the graph in Fig. 1 we shall determine the effective value of the 
first harmonic of the alternating component of field intensity bin 
147 A/cm. By the graph in Fig. 2 we shall also discover the relative , 
content of higher harmonics in the field intensity: 


for harmonics of uneven order - in relation to the first harmonic 


the third harmonic 15 0.64; 
the fifth harmonic 15 0. 26; 
the seventh harmonic 15 0. 08; 


(2) for harmonics of even order - in relation to the direct component 
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field intensity H,,, H 


the second harmonic is 1.59; 
the fourth harmonic is 0.80; 
the sixth harmonic is 0.28. 


Finally, using the simple relationship 
lw 
H 


where w is the number of turns; bins is the average length of magnetic 
circuit, it is easy to determine the absolute values of the amplitudes 
of the magnetizing current harmonics. 


If we assume that w = 500, and = = 100 cm, then 


FIG. 1. Graph for determining the first harmonic f an alternating 
component of magnetic field intensity when a direct 
superimposed on an alternating field. Steel E 
B is the amplitude of alternating component of inducti 


direct component of field intensity; H. is the effe 


of first harmonic of field intens 
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FIG. 2. Relative content of harmonics of field intensity when a direct 
field is superimposed on an alternating field. Steel E 41. 


H,,., is the field intensity of uneven harmonics; H,, is the field 
intensity of even harmonics; H, is the first harmonic of field 


intensity: H. is the direct component of field intensity. 


41,5-0,64 < 26,6 A; 

41,5-0, 26 10,7 4; 
<= 41,5-0,08 = 3,3 A; 

110-1,59 =: 175 A/cm; 


100 
141-175 49,5 a; 


1,41-110-0,8 = 2 
= 1,41-110-0,8 my = 24,9 a; 


100 
= 1,41-110-0,28 = 
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FIG. 3. Graph for determining the first harmonic of the 
alternating component of the magnetic field intensity 
when a direct field is superimposed on an alternating 

field. Steel E 310. For symbols see Fig. 1. 
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FIG. 4. Relative content of harmonics of field intensity when a 
direct field is superimposed on an alternating field. 
Steel E 310. For symbols see Fig. 2. 
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The magnetizing current curve for the example under consideration 1s 
represented in Fig. 5 on the assumption that losses are absent. 


As is evident from the example, the graphs quoted quickly enable the 
harmonic composition of magnetizing current to be estimated when a direct 
field is superimposed on an alternating field. 
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INSTALLATION FOR DIRECT TESTS ON SWITCHGEAR* 
IA.N. SHERMAN 


The Leningrad Branch of the Lenin All-Union Electrical 
Engineering Institute 


(Received 12 December 1958) 


Not only shock generators but also Gorev oscillatory circuits have been 
. installed as the basic equipment in many power laboratories concerned 
60 with the testing of switchgear. 


Until recently, direct tests on the breaking capacity of switchgear 
have been performed by using either a shock generator or an oscillatory 
circuit as sources of short-circuit reactive power. Here the test output 
in each case has been determined by the rated short circuit output of the 
generator or the circuit. 


The joint operation of the generator and oscillatory circuit was de- 


veloped only for synthetic testing methods, in which the latter is used 
only as the source of recovery voltage. 


However, the joint operation of the generator and circuit together in 
direct tests is extremely interesting. It is desirable that the test out- 
put should equal the total rated reactive outputs of the generator and 
circuit. 


Between the years 1956 and 1958, at the Leningrad Branch of the All- 
Union Electric Engineering Institute, a method of testing switchgear 
breaking capacity by summing the reactive outputs of the shock generator 
and oscillatory circuits connected in series, was developed and analysed. 


The test installation (Fig. 1) consists of a shock generator SG, the 
oscillatory circuit OC and the test switchgear 7A. The shock generator 
circuit comprises the generator proper G, the protecting breaker PB, which 
ensures that the short-circuit process is discontinued in the event of 
failure of the switchgear on test, the synchronous switching apparatus 
SA which ensures that contact is made with the correct phase of the 
generator’s voltage output, and finally the equivalent inductance L, of 


— 
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Installation for direct tests on switchgear 


the generator, the busbar conductors and the reactance of the generator 
circuit. The oscillatory circuit comprises a bank of capacitors Cr and 

of reactances L,. The capacitors are charged by the charging apparatus 

CA, 


Connecting the oscillatory circuit, which is tuned to resonance with 
the output frequency, in series with the generator does not alter the 
latter’s steady short-circuit current, which is determined by the known 


relationship 


V 


where R, is the equivalent resistance of the circuit. 


Here it is understood that the capacitors and reactors of the oscilla- 
tory circuit maintain this current and that the voltage drop across them 


does not exceed the rated values. 


After disconnecting the short-circuit by the breaker on test, the re- 
covery voltage at its terminals equals 


U,=E,+ Up. 


The test output of the installation in this case will be equal to the 
sum of the test outputs of the generator and oscillatory circuit 


To ensure optimum utilization of the power of the shock generator and 
the maximum life of the capacitors, used in Gorev oscillatory circuits, 
it is essential to reduce the duration of the short circuit to a minimum. 
The latter is ensured if there is no transient process of reduced fre- 
quency, since here the contacts of the breaker on test can be opened 
immediately after the test installation is connected. 


Principal circuit of installation. 


FIG. 
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One can show that this requirement is fulfilled if the circuit is 
closed when the phase of the generator’s electro-motive force 


wl 


e 
? 


Hence the bank of capacitors must be preliminarily charged to a 
voltage of 
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FIG. 2. 
transformers. 
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Principal circuit of installation using intermediate 


T, - step-up or step-down transformers; 
D- Ball dischargers. 


For the utilization of the capacitors, if their voltage ratings differ 
from the requisite value U. , intermediate transformers T (Fig. 2) are 
used; this also occurs if the apparatus is tested on stepped-up or stepped-down 
voltages. In this case the discharger (speedgap) D which is put into the 
circuit ensures the charging of the capacitance C, which is connected to 

the secondary winding of the transformer. The operating voltage of the 
discharger must be greater than the charge voltage of this capasitace, 

but less than the sum of this voltage and the voltage of the transformer 

T,. Closing the generator’s circuit here leads to the quick operation of 

the discharger. 


The connection of the impact generator and the oscillatory circuit in 
series enables the value of the short-circuit current of the assembly to 
be brought to the maximum possible level, as it is limited not by the 
dynamic resistance of the equipment, but by the natural inductance of the 
generator circuit. In this case a certain part L. is used as the induct- 
ance of the oscillatory circuit, whereby the total reactance of the 
circuit decreases whilst the current increases. When testing the apparatus 
on voltages higher than that of the generator an especially effective 
result can be obtained by using step-up transformers, the inductance of 
which usually considerably reduces the test output of the installation. 
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FIG. 3. Circuit for analysing the combined operation of a shock 
generator and an oscillatory circuit. 

SCD is the short-circuiting device; PCT is the air-operated current 
transformer; CBD is the contro] ball discharger; PD is the 
protecting discharger; FR, RR are the front and rear reactors; 

IT is the intermediate transformer; MO is the magnetic oscillograph. 
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FIG. 4. Experimental oscillogram without an oscillatory circuit. 
1 — voltage on TA; 2 — voltage on capacitors; 


3 — current across TA, 


The circuit in question also enables the power of the installation to 
be increased because of the compensated attenuation of the ultra-transient 
component of the short circuit current of the generator. This is attained 
by closing the test circuit when the phase of the generator’s electro- 
motive force differs from ¢ = arctan (wl, ‘(R,), while the steady current 
contains a transtient process component of reduced frequency, and its 
form acquires a palpitating character, on which account the constancy of 
the short-circuit current amplitude is ensured for a certain interval of 
time. The latter is especially important when it is necessary to generate 
a non-fading short-circuit current while testing apparatus with long arc- 
combustion time. 


The circuit by which tests on the combined operation of the shock 
generator TI-12 and the oscillatory circuit were performed at the Lenin- 
grad Branch of the All-Union Electrical Engineering Institute, is shown 
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in Fig. 3. The experimental oscillogram, to which the secondary winding 

of the transformer PT was short-circuited, is produced in Fig. 4, i.e. 

the experiment was carried out without connecting the oscillatory circuit’s 
capacitance. The oscillogram of the combined operation of the shock gene- 
rator and of the oscillatory circuit is produced in Fig. 5. 


As is apparent from a comparison of the oscillograms, in the last in- 
stance the short-circuit current increased from 7.8 to 11.9 kA and the 
recovery voltage from 2.2 to 3.4 kV. 


Y 


5. Oscillograms of the combined operati 


+ 


generator and oscillatory circuit (witt 


symbols as in Fig. 4). 


The oscillogram is reproduced in Fig. 6 of the test during which the 
connection phase was selected in such a way that on account of the 


beating’, when the circuit’s parameters were just as they were in the 


previous experiment, a non-fading short-circuit current was obtained 
during six half-periods which was approximately equal to 12 KA. 


Thus, by using a circuit with the shock generator and a Gorev oscilla- 
tory circuit connected in series there was an opportunity to achieve a 
summation of their outputs and thereby increase the test output of the 
laboratory for performing direct tests. The circuit enables compensation 
of the attenuation of the short-circuit currents and in individual cases 
compensation of part of the inductance of the generator’s circuit which 
affords the opportunity of completely utilizing the fixed outputs of the 
shock generator and oscillatory circuit. 
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FIG. 6. Voltage on TA (1) and current across it (2) when the 


attentuation of the short-circuit current of the 


installation is compensated. 


Translated by J.F. Boyland 
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ABSTRACTS OF PAPERS PUBLISHED IN 
ELEKTRICHESTVO No. 7, 1959 


Developments in the manufacture of hydro-electric generators at the 
Uralelektroapparat Works: K.F. Kostin. (pp. 1-8). 


July 1959 marks the silver jubilee of the Uralelektroapparat works in the 
Urals and sixteen years of production of hydro-electric generators in 
that works. At the present time the factory is producing hydro-electric 
generators with outputs from 160 to 36,000 kW for voltages of 0.4, 6.3, 
and 10.5 kV with speeds of from 68.5 to 600 r.p.m, The production of 
hydro-electric generators with an output of 300 MW is planned. The batch 
production of hydrogenerators is considered with special reference to 
standardisation, (of 680 different components 550 are the same for all 
hydrogenerators) and the use of PN exciters (d.c. machines driven from 
the generator shaft via a wedge-belt transmission). Hydro-electric gene- 
rators of one off construction are then considered with diagrams and 
tabulated data. Plans have been made for ionic excitation and a new bear- 
ing design has been evolved on a hydraulic support with authomatic local 
distribution to each segment, (total loads of 2000 tons have been operated). 
The advantages of the *umbrella"* type vertical hydro-electric generator 

are discussed with the support bearing on the turbine cover and the rotor 
disposed at the upper end of the turbine shaft. The absence of cheap in- 
sulating materials limits hydro-electric power generators to 13.8 - 

15.75 kV. The use of aluminium windings, forced cooling, new electro- 
technical steels and engineering techniques are also mentioned. 


Commutation in sulti-stage direct field rotary amplifiers: 
B.F. Tokarev. (pp. 13-18). 


There is a great demand for dynamoelectric amplifiers with an output up 
to 100 kW and above. However, multi-step electrical machine amplifiers 
for the longitudinal field can attain considerably higher outputs owing 
to favourable switching conditions in these machines. This is achieved 

by connecting the windings of the additional poles in a special scheme 

as set out in the article by Kimball in Trans. Amer. Inst. Elect. Engrs. 
in 1947, The present article develops this scheme and states more pre- 
cisely the method of calculating commutation in the additional poles with 
a view to ensuring more satisfactory commutation of the currents on the 
various steps. 


a 
4 
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Electromsechanical resonance in an inertia vibro-machine: 
¥.S. Shevchenko. (pp. 22-25). 


In a number of cases an inertia vibrator with an asynchronous electrical 
motor for drive which is mounted on any resilient base, (hopper, tub), 
cannot attain rated speed and operates at the frequency peculiar to the 
resilient system in question. A study is made of this phenomenon and the 


author comes to the conclusion that, on starting, the motor “sticks* at 


low speeds due to the sharp increase in the load torque on the motor shaft 


as a result »sonance in the vibrator-resilient base system. The mean 
i torque and the rotating torque of the motor 
the vibrator can be gade on the basis 

the mean lue he ; load torque and motor torque as 


entric. Formulae are introduced 
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Designing induction motor starting resistors for a given starting 
time: G.N. Rakhleev. (pp. 25-27). 


The method lcvulating the starting resistances r asynchronous sotors 

with phase ro ! lic! » widespread at the present ' , have a number 

of drawbacks; >] th agnitudes of starting steps cannot be 
ulated from the desired starting time an excessive simplifica- 

t ‘ the calculations in that the actual parameters of the starting 

conditions differ fror . n > calculations. A comparatively 

si@pie method is pr f § } t these calculations without 


these drawbacks wit! cent. 


D.c. motors with wide rangce speed control: ta.S. Gurin and 
0.P. Sidorov. (pp. 27-32). 


A study is made of certain features in the design of low and medium out- 
put d.c. motors with a wide range of speed control. Tests have shown the 
minimum permissible value of the stability factor when field strength is 
at a sinimum of 0.15 and 0.25. The number of turns for the stabilising 
winding and the dimensions and arrangement of the longitudinal cuts on 
the main poles have been investigated as well as the reduction of the 
flywheel torque of the armature by increasing the length of the core re- 
lative to its diameter. Here tests showed, however, that the length of 
the core should be a minimum. New motors of the P series are then dis- 
cussed with a speed contro! range of 1:8 and even 1:10. This is achieved 
mainly by utilising a scheme for separate feed of the excitation windings 
of the motor which is then explained. 


a function of the angular speed of the ec 
for choosing the motor in the steady state. 
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Determining the rating for induction sotors controlled by varying the 
voltage: Terekhov. (pp. 33-35). 


The system of an electric drive with saturation chokes (reactors) 
connected in the stator circuit is considered as well as the use of vari- 
able auto-transformers. A practical method of selecting the rated power 
of a motor which is to be regulated by varying the voltage and intended 
for prolonged drive of such devices as pumps and cranes is proposed. An 
example of the calculation is given in the appendix. 


Designing reactors with a steel magnetic circuit and air gaps: 
.A. Man’kin. (pp. 35-41). 


A study is made of reactors with circular coils and a magnetic circuit 
with air gaps in which the main magnetic flux on individual sections of 
its path pass through a non-magnetic medium *air*. To maintain the de- 
sired inductance when the current multiple is 4 or more the author re- 
commends the use of a coreless reactor with a linear volt-ampere charac- 
teristic. The author explains why a coreless reactor can be used at large 
values of typical power and when the multiples of short circuit current 
are considerably less. A study is made of typical reactor power, the 
Magnetic field of the reactor and the method of determining the geometric 
dimensions and electrical characteristics of a reactor. The proposed 
method is checked by experiments on two three phase reactors with 180 
turns per phase: one reactor had six airgaps of 2.2 cm and the other five 
air gaps of 3.7 cm. Tests showed that the inductance was 7.55 and 6 mH 
respectively. Deviations between calculated and test values was 0.4 and 
0.9 per cent respectively. Finally, the field of application of these re- 


actors is considered. 


Electronic frequency converters for induction heating installations: 
A.V. Donskoi, G.V. Ivenskii and A.M4. Borok. (pp. 41-45). 


The low output frequency of ionic frequency converters is at the present 
time a serious drawback. The U.S.S.R. is producing power thyratrons with 
a sufficiently short recovery time for grid control which reliably 
operate in frequency converters of 50/2500 c/s. Attention is attracted 

to the auxiliary circuits which can also be used for electric drives and 
traction besides induction heating. The equipment is described and illus- 
trated diagramatically. 
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Calculating the parameters of ore-wselting furnaces: P.V. Sergeev. 
(pp. 45-48). 


The electrical characteristics of ore melting furnaces are expressed as 

a function of the relationship between the resistance of the furnace bath 
and the short circuit resistance of the plant. This method enables all 

the diverse characteristics of an electrical furnace to be reduced to 
three to five typical families of curves which are plotted in relative 
units for different values of cos >, (k denotes short circuit) and 
facilitates the investigation and planning of the electrical installations, 


A new method for measuring the fault resistances of insulated piping 
and cables: L.Ia. Tsinkerman and K.K. Nikol’ skii. (pp. 48-51). 


The fault resistance between underground cables etc and earth is one of 
the main parameters for planning and protecting this equipment from 


corrosion and for using the cables in operating conditions. The theoretical 
bases and practical instructions for the use of a new simplified method 1960 
of calculating fault resistance (transient resistance) are given. 


Resistance and internal reactances of mechanically loaded steel 
conductors: V. Saviuk and Ch. Chete’tsianu. (pp. 52-54). 


A study is made of the reduction in the resistance and internal] reactance 
in steel conductors under the action of mechanical forces. The results of 
experiments are given in which the resistances and internal reactances of 
steel conductors were determined at loads less than the limit of resi- 
liency (elasticity), taking into account the influence of the cylindrical 
character of the load. Annealed conductors have the greatest coefficients 
of variation in the resistance of the conductor. For hardened conductors, 
the coefficients are less and are even lower for conductors which have 
not undergone prior heat treatment. The values of these coefficients in- 
crease with the increase in diameter and purity of the iron, 


Locating the fault point on a long cable line: A.K. Mann, A.V. Mironov 
and N.F. Lemina..(pp. 57-61). 


The frequency-induction and impulse-induction methods enable a narrow 
fault zone to be isolated on the cable track. At a frequency of 10 kc/s 
this zone is about 60 m and at 50 kc/s, from 10-15 m. The contact and 
impulse-contact methods make it possible to isolate a narrow fault zone 
and even to find the point of fault itself with an accuracy of + 1 per 
cent if the earth covering is homogeneous. The methods proposed are 
applicable to any type of cable with earthed metallic coverings. 


| 
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Some questions on the method of testing high voltage insulation: 
V.L. Ivanov, V.M. Nashatyr’ and I.F. Polovoi. (pp. 61-64). 


The improvement in lightning protection (especielly value dischargers) 
has made it possible to reduce the impulse level of insulation to the 
point where the impulse strength of the insulation does not effect the 
choice of insulation for the high voltage equipment of substations and 
transmission lines. However, as regards internal overvoltages it is 
necessary to evolve suitable test methods. Several schemes are considered 
for equipment designed in the Gorevar Polytechnic Institute in Leningrad 
for reproducing overvoltage conditions for testing high voltage insula- 
tion and the results of investigations are given. 


Bragin.(pp. 65-78). 


The main characteristics of a high voltage cable: S.M. 


The heating and reactive power of long distance cables is determined 
mainly by the geometric dimensions of the cable and it is therefore de- 
sirable to be able to determine the dimensions for a cable both quickly 
and accurately in relation to voltage and the power to be transmitted. 
The author considers the dimensions and loading capacity of cables and 
the effect of reactive power with the aid of nomograms, t*bulated data 


and formulae. 


A method of measuring the recovery of the electrical withstand strength 
of an air breaker: V. Gusa and Ia. Shigelka. (pp. 70-72). 


Measurement of the time characteristic for electrical] strength has until 
now been carried out when the circuit-breaker has been in the no-load 
state. When tripping short circuit currents, the time dependence of 
electrical strength has only been derived indirectly. It has proved 
difficult to measure puncture strength of a circuit-breaker when the 
current passes through zero. The author, however, bases his method on 
the fact that if a breakdown occurs in the extinction chamber it is im- 
possible to stop the discharge since the circuit is passing a current 
caused by inductance, The proposed method enables the time character- 
istics of the electrical strength of an air circuit-breaker to be 
measured which is of great value for determining the limiting breaking 
capacity when the desired recovery voltage is single or multi-frequency. 


The starting element for automatically re-synchronising synchronous 


generators: L.V. Rosman. (pp. 72-74). 


The production of such a device is complicated by the fact that the ex- 
ternal manifestations of asynchronous conditions are similar to the 

phenomena occurring during swinging both quantitatively and qualitatively. 
A scheme for a device is described which reacts to the magnitude of the 
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increase in the angle of phase shift between the generator and the volt- 
age of the receiving system. Appropriate a.c. and d.c. circuits are 
shown. The device is already in use in the Volga Lenin hydro-electric 
station and the Moscow Power System as a device for verifying synchronous 


operation, 


On the theory of devices for electromagnetically mixing molten metal: 
.K. Kochnev. (pp. 75-78). 


The optimum parameters for the mixing device should be chosen after 
taking into account the screening effect of the furnace bottom, beginning 
with the need to produce maximum values for total efficiency, cos ¢@ of 
the device, power and the torque affecting 1 cm’ of the molten metal. A 
high torque should be kept in the presence of a wide range of speed 
change for the motion of the metal. The devices in question should be 
supplied at low frequencies with the maximum possible induction on the 
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surface of the stator. 


Calculating rectangular earth conductors: A.S. Oslon. (pp. 79-80). 


The author sets a single and sufficiently accurate method of calculating 
the earth resistance of rectangular earth conductors with internal cross- 
pieces which do not contain vertical elements, (earthing grids). These 


contours are calculated without the need to use computors. 


An electromagnetic vibrator giving 1500 vibrations per sinute: 
L.M. Shil’ diner. (pp. 83-84). 


An account is given of an electromagnetic vibrator with an output of 

3.1 — 3.5 kVA (active output 0.64 — 0.72 kW) weighing 65 kg which pro- 
duces 1500 vibrations per minute (swing of the armature vibration 10 mm). 
The vibrator is for sorting grain. A contactless interrupter passes 
current from the mains to the circuit for one period of grid current and 
closes it during the succeeding period. The current is interrupted 1500 
times per minute. The contactless device which consists of an inductance 
and capacitance which form a resonance circuit, the inductance periodic- 
ally varying between two limiting values, is then described in detail. 
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ANALYTICAL METHOD OF CALCULATING THE EXTERNAL 
CHARACTERISTICS OF ALTERNATING CURRENT 
GENERATORS WITH EXCITATION FROM 
PERMANENT MAGNETS* 


F. F. GALTEEV 
Moscow Power Institute 


(Received 16 April 1959) 


For the calculation of the external characteristics of alternating current 
generators with excitation from permanent magnets it is usual to use 
methods of approximation by analysis with graphs, in which the active 
point is determined after a series of specified approximations and 
graphical formation of Blondel diagrams |6 |]. Otherwise they are calcu- 
lated without taking the active resistance of the armature phase into con- 
sideration [2 ]. In this article an accurate analytical method of calcu- 
lating the external characteristics of a generator, which does not require 
the construction of auxiliary curves, is proposed. 


The basic difference of the method lies in the determination of the 


analytical connexion of the parameters of the diagram of the rotor’s 
magnet with the parameters of a Blondel diagram and the introduction of 
one generalized equivalent network for generators with any type of per- 
manent magnet. 


Fig. 1 shows the equivalent networks of magnetic circuits along the 
linear axis on one pole for unsaturated generators with a star-shaped 
rotor, with a star-shaped rotor with pole shoes and with a claw-shaped 
rotor [1 and 2}. 


These equivalent networks, just as any of their modifications, can on 
the basis of Kirchhoff’s laws for magnetic circuits being transformed 
into the single equivalent circuit represented in Fig. 2. Formulae for de- 
termining the values of the equivalent resistance Rap of the rotor’s leak- 
age (conductivity G, = 1/R,,), the total resistance Rap (conductivity 
G.. = 1/R, ) of the whole equivalent network, and the specific resistance 


op 
Ro» (conductivity Gp ~ 1/R,p) for generators of a different type. 


* Elektrichestvo No. 8, 30 — 35, 1959. 
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FIG. 1. Equivalent networks of magnetic circuits along linear axis 
of unsaturated generators. 
(a) Por a generator with a star-shaped rotor; (6) for a generator 
with pole shoes; (c) for a generator with a claw-shaped rotor. 


In the equivalent circuit, the effect of the longitudinal reactance 
component of the armature F ad is replaced by a magnetic potential drop 
in the alternating equivalent magnetic resistance of the load Ria (con- 
ductivity - 4) (Pig. 2a) 


(1) 


(2) 


It is convenient to calculate the volume of Roa in parts of the arma- 
ture leakage resistance R,: 


(3) 
In this case formula | takes the form: 
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By this equation the equivalent circuit will have the form in Fig. 2b, 
which is accurate for all performances, from idling (n = ~) to short 


circuit (n = 0), generators. The volumes of G, , G,» and G_. of the 


equivalent circuit for a generator with a star-shaped rotor are deter- 
mined directly from the circuit in Fig. 1(a) and have the following 
values: 


(7) 


In order to determine the equivalent volumes of G, of a generator 
with a star-shaped rotor with pole shoes, it is essential to reduce the 
total leakage flow of the rotor to the magnetizing force F of the magnet. 


By the equivalent circuit (Fig. 15) one can formulate the equations 
(8) 
F=(0 — ®.) R, Ruy 


R 
aM ab ntl 


After excluding ® from equations 9 and 10, we shall obtain: 


+0, =G,F 


Rap t Rept —— 
Ry rn 
The total equivalent conductivity G, is determined by coiling the 
scheme (Fig. 16) and by bringing it to points and N: 


(5) 
l l ( 6) 
| G + R. 
op Rk p oM R 
= | 
= R 
: 
(11) 
F 
on R, b +R R. 
Ry + | 
or ileal: 
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(14) 


Similarly the volumes of GG p and G,, are also determined for generators 


with a claw-shaped rotor, 


(15) 
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Prom the equivalent circuit (Pig. 16) it is apparent that, for all the 
performances of generators from idling to short circuit, the active points 
of the rotor’s magnet on direct return are determined by intersecting the 
ray for the total conductivity of the machine CG.» with direct return. The 
three rays of the total conductivities of the machine are described in the 
structural diagram of the rotor’s magnet (Pig. 3): G,— for idling, G..- 
for the load rate and G,, for the short circuit system. There are also 
produced the rays for leakage conductivities Ge Gg» and Gone which are 
generally not constant values. 


For each performance of a generator, as can be seen from Fig. 3 the 
useful magnetic fluxes of a generator 5. %5, and ®:, may be determined. 
By the value of these fluxes it is simple to calculate the longitudinal 
components of the electromagnetic forces and , and the corres- 
ponding longitudinal components of the magnetizing forces of the reactance 
of the armature. 


The current in the air gap Ms is best of all determined by analytical 
means according to formula 21 which is obtained from the geometric rela- 
tionships in Fig. 4. 


The segment OF (Pig. 4) is equal to 
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FIG. 2. Equivalent network of a magnetic circuit along the 


linear axis of an unsaturated generator. 


FIG. 3. Structural diagram of a rotor’s magnet. 
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= 


FIG. 4. Determination of useful current according to structural 
diagram for rotor magnet. 


The following can also be written: 


or Gop p 


®,=CM; 
MA=(KN — MN)p; 

F,= MN; 

®,,= PF,. 


From formula 19 we determine ®, 


®,,G., (20) 


After substituting ®, from formula 20 in 17 we shall finally obtain 


Gop — Gap 
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From formulae 18 and 20 we shall determine the magnetizing force Fy: 


(22) 


In order to determine the currents M5 and ®5, in formula 21, in 
rene of G,, and Gop it is necessary to put G,, Coe and G, respect- 
vely. 


The corresponding longitudinal components of the electromotive forces 
are calculated by the formula 


(23) 


where g = 4k fw. 107°; 
k. = 1,11 — coefficient of the shape of the induction curve; 
k, is the winding factor; 
f is the frequency of line voltage; 
w 


» is the number of turns per phase. 


We determine the corresponding longitudinal component of the magnetiz- 
ing forces of the armature reaction from the equivalent circuit (Fig. 2b) 
according to the formula 

®R, 

Thus, by giving several values of n the corresponding values of longi- 
tudinal components of the electromotive firces from Eo to E pk and the 
magnetizing forces of the armature reactance Fig from zero to F adk Can be 
calculated by means of formulae 20 — 24. 


(24) 


For each pair of values of E_ and Fos according to the formulae 3 one 
can calculate for a given cos @ the corresponding values of the voltage 
U and current J of a generator and construct the external characteristic 
of a generator. This is primarily for determining the tangent of the 
angle between the electromotive force E, and the current / in Blondel’s 
diagram; 


tan y= +d) + (25) 


dow ac + x; — tg 
By ’ 

— tang 
ad 


Fag 
b= Toa Tain 45mk 


c= 45mk, — 


| 
where 
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and X. are the active and inductive resistance of the phase of 
the phase of the armature coil; 


is the steepness of no load characteristic; 


are the components of m.n.f for armature reactance on one 
pole; 


is the number of phases of armature coil; 
is the number of pairs of poles; 


are the coefficients of the application of the longitudinal 
and transverse fields of the armature reactance to the 
magnetic field in the air gap [4]. 


After calculating the volume of tan Ww and determining w the current I 
and voltage U are determined; 


(26) 


(27) 


In order to calculate the external rating of a generator for a given 
cos 4 it is necessary to determine the magnetic resistances (conduct- 
ivities) of the equivalent circuit in Pig. 1. according to the general 
rule of calculating sections of the air passage of magnetic fluxes [5 |. 
The magnetic resistance of the armature coil leakage R. is determined by 
the formula [3 ]. 


(28) 


For a generator with a star-shaped rotor (Fig. la) the volume a is de- 
termined by the formula 


mf... 


For generators with pole shoes and claw-shaped rotors a is determined 
by the formulae 


g g 
Rept Rept 


If it is necessary to calculate external characteristics taking the 
saturation of the magnetic circuit into consideration, then this can be 
done by means of the proposed method without any graphical structures 
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and assumptions. 


FIG. 5. Equivalent networks of magnetic circuits for saturated 
generators. 
(a) For a generator with a star-shaped rotor; (6) for a 
generator with pole shoes; (c) for a generator with a 
claw-shaped rotor. 


The equivalent networks of magnetic circuits for the types of saturated 


generators examined are represented in Fig. 5. The difference between 
these equivalent circuits and those shown in Figs. 1 and 2 lies in the 
presence of sections of the magnetic circuit with non-linear resistances 
R,, Ry, Which depend on the currents passing through them. 


By taking saturation into consideration the values of the common con- 
ductivities can be obtained from formulae 6, 13, and 16, if R., R., R 


Rep are added to them: 
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From formulae 6a, 13a, 16a and Pig. 6 it is evident that, other condi- 
tions being equal, the conductivities for no load Ge» and short circuit 
G4, of the saturated generators are less than the corresponding conduct- 
ivities of the unsaturated generators, 45 4 result of which for the first 
rated point one can select point A (Pig. 6), which determines the total 
flux of the magnet ®,, and Fi when the generator is short-circuited with- 
out taking into account saturation, which in fact corresponds to the load 


system of the saturated generator under consideration (®, and F,). 


The volumes of ®, and F, are determined from formulae 20 and 22: 


= 


PIG. 6. Determination of the rated point for a saturated generator. 
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where Gop is the conductivity of short circuit without taking saturation 
into consideration; 


®. and F, are the total flux and magnetizing force of the magnet of the 
saturated generator when it is operating at point A (Fig. 6). 


The current in the air gap Dsy and the magnetizing force of the 
longitudinal reactance components of the armature Fos for the types of 
generators examined is determined by conducting the current ®, through 
all the sections of the equivalent circuit in Fig. 5 and by determining 
the magnetic potential drop in these sections, among them and in the 
resistance R. n+ 1. The drop is also the unknowm quantity Ff... For 
instance, for a generator with a star-shaped rotor the current in the 
air gap Ds, may be determined in accordance with the equivalent circuit 
(Fig. 5a) in the following way: 

: - (31 ) 
where R,. is a known quantity and ®, and F, are determined from formulae 
29 and 30. 


The longitudinal component of the electromotive force of the generator 
can be determined by formula 23: 


(32) 


For the value of the current ®,,, the inductions in the teeth B. and 
in the back B of the armature are determined, after which the specific 
magnetizing forces a_ and a. are discovered by means of the corresponding 
magnet ization curves, and thereby the magnetic potential drops in 
sections and in question: 


where l. is the length of tooth; 


F is the length of average power line of armature back on one pole. 


From the equivalent circuit in Fig. 5(a), it is evident that magnetiz- 
ing force F, of the rotor’s magnet is equal to the sum of magnetizing 
forces Fs, F and F ids’ 

The magnetizing force entering the air gap is 


403 
4,1, 33) 
F,=a/, 
(34) 


404 The external characteristics of a.c. generators 


Consequently, the magnetizing force of the longitudinal reactance com- 
ponent of the armature can be determined from equation 35: 


F F_—F,—F,—F,, (37) 


ads 


Por the values F— , and F aah obtained by formulae 25— 27, the voltage 
U and current / of fhe generator with a given cos © are determined. 


The present values of conductivity of a machine G, ‘ Go. and G. ; Gos 
are given for obtaining all the external characteristics of a generator 
and F ag and E. are determined in a similar way. 

For G, > G, calculations are carried out until the determined magnet- 
izing force of the reactance of the armature F adi becomes equal to zero 
(point B in Pig. 6), i.e. to the no-load point of the generator, and for 
G, G_, until the magnetizing force of F edie which is determined by the 
current % becomes equal to the magnetizing force of the short-circuit 


F dk (point C in Pig. 6): 


(38) 


Inasmuch as 


when D5, we obtain: 


(39) 


The calculation is carried out until the ratio between the present 
values of the magnetizing force P adi and the current ®5, becomes equal to 


R 


However, all the generators are not in practice saturated at the point 
of the short circuit and points A and C in the diagram (Fig. 6) are com- 
bined. In the calculations one can, therefore, assume with some approxi- 
mation that point A is also the short-circuit point of the saturated 
machine and carry out a further calculation only for G; Gon up to the 
idling point — the other extreme rating point. The expediency of select- 
ing point A (Pig. 6) as the initial rated point of the external character- 
istic is explained by this. 


The sequence for calculating the curves does not vary, if in addition 
saturation is produced in the back of the armature as a result of its de- 
magnetization by direct current from a special ring coil which is used 
for controlling the voltage of the generator. 


In this case it is necessary to determine the specific magnetizing 
force a not according to the basic magnetization curve but according to 
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the curve which corresponds with the field of direct demagnetization i, 
i.e. it is already necessary to use curves of synchronous magnetization 
by direct and alternating fields. 


The magnetizing force if and the current sof generators with pole 
shoes or with a claw-shaped rotor is determined in the same way as in the 
case that has been examined. The only difference lies in the number of 
calculations because of a discrepancy in the equivalent circuits. 


Thus, an equivalent circuit of a magnetic circuit along the longi- 
tudinal axis of any unsaturated generator with magnetic excitation can 
be reduced, as shown, to the simplest equivalent circuit, and the de- 
magnetizing effect of the reactance of an armature can be taken into con- 
Sideration by means of the alternating magnetic resistance R /n+ 1 which 
varies from zero at idling to infinity at short circuit. 


The determined values of the total conductivities correspond with any 
symmetrical generator characteristics and according to their value the 
voltage and current of a generator with a give cos ¢ can be determined 
by the method of calculation. 


With the proposed method of investigating unsaturated generators one 
can calculate the external characteristics of saturated generators and 
generators which have the back edge of the stator demagnetized by direct 
current. 


Appendix 


To calculate the external rating of an unsaturated generator with a 
star-shaped rotor powered by 1300 VA with a linear voltage of 36 V 
according to the following data: f = 400 c/s; cos d= 0.9; F, = 1200 A; 
®, = 13,000 maxwell; p = 38 maxwell/A; k,= 1.11; k, = 0.95; wy, = 30; 
m= 3; p= 3; ky = 0.83; k = 0.1; n, = 9.085 Q; x, = 0.07 1. Geometrical 
dimensions of the generator are known; the stator coils are in star con- 


nexion. 


Nickel-cobalt — aluminium alloy is used as the material of the rotor’s 
magnet with the following data: residual induction B. = 7300 G, coercive 
force H. = 625 ergs, direct return gradient § = 4.5 G/ergs. 


Arising from the known geometric dimensions of the generator, we de- 
termine the magnetic resistances according to the equivalent circuits in 


Fig. 1(a) [5] . Re= 2.85 x 10°? A/maxwell; R 55.6 x 107° A/maxwel. 


on” 


We determine the rated factors: g = 0.5 x 10~? maxwell/A; 6 = 10; 
c= 1,28; R, = 0,05 A/maxwell; a = 0.175 V/A; ®,, = 69,100 maxwell; 


Gy» = 18 maxwell/A. 


The 
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TABLE 1. Calculation table of the external characteristic. 
U= f(I) with cos d= 0.9 


Ratio of resistances R. and Rad 


| 
Parameter | | | 
— 


| 


Oop maxwell /A 567 240 | 
| @yp-maxwell 52000 | 48.000 | 41 700 | 35.000 | 28 600 | 15 200 

%| 2 | 17.5 | 4.3 | 7.6 
3 476 


1.16 1.41 


calculated external characteristic of the generator is presented 


in Fig. 7 by an unbroken line. The points calculate by the method of 
approximation according to [6] and the experimental characteristic which 
is close to the calculated data of the generator are shown here. 


F 
F’y 


Pad 


Conventional symbols 
is the magnetizing force of rotor’s magnet; 
is the nominal magnetizing force of rotor’s magnet; 


is the longitudinal component of the magnetizing force of the 
reactance of armature; 


%, %, and are the magnetic fluxes (total 


of leakages of magnet, of air gap, of leakages of armature coil, 
in the junction between the magnet and the shoe, of leakage at key 
and magnet, of leakage of equivalent displacement circuit); 


is the magnetic flux which determines the voltage at the terminals 
of the generator; 

Rowe Ag, Re, Roy, Roy Rage R,, Roe are the magnetic 
resistances (of magnet, of leakage of magnet, of air gap, of 
armature coil, of junction between magnet and shoe, of leakage of 
shoe, of junction between magnet and flange, of leakage of claw, 
of teeth of armature, of back edge of armature of shoe, of flange 
and of claw). 
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0 20 290 60 


FIG. 7. External] characteristics of generator P = 1300 VA 
with cos @= 0.9 with a star-shaped rotor. 
rated; experimental. 


Translated by J.F. Boyland 
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STUDY OF ELECTRICAL SYSTEMS FOR ARC FURNACES 
BY MEANS OF A MODEL* 


IU. E. EFROIMOVICH 


Moscow 


(Received 11 February 1959) 


In arc steel furnaces the equivalent inductances of the three phases are 
essentially different as a result of electromagnetic dissymmetry and 
different length of the current leads. In operation the values of the 
active resistances of the phases are also appreciably different [1 }. 
Owing to this it is impossible in these furnaces to obtain an electrical 
system in which conditions of parity of the currents, voltages and useful 
electrical outputs of a furnace’s three phases can be achieved simul- 
taneously. Be selecting for furnaces with a capacity of 15 tons and aore, 
for instance, a system of parity of useful electrical outputs, it is 
possible to produce a substantial and in most cases inadmissible variety 
of currents and voltages in the arcs. 


Equivalent circuit of a three-phase arc furnace. 


In this connexion arises the necessity of establishing for each fur- 
nace systems in which the currents, voltages and outputs of the phases 
are not equal, but these disparities are acceptable and most reasonable 
from the point of view of the common denominators of the operation of 
the furnace. 


* Elektrichestvo No. 8, 45—51, 1959. 
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To solve this problem it is necessary to work out methods which would 
enable us (a) to calculate the electrical systems of an arc furnace with 
any given values and relationships of the voltages of the arcs, the 
currents or the useful electrical outputs of the phases; (b) to select 
from the potentially great quantity of combinations of currents, voltages 
and outputs of phases for a given efficient system a restricted number 
of their combinations which are sufficiently fully characteristic of the 
condition of distributing the useful output between the phases of the 
furnace where the disparities of arc voltages and phase currents vary; 
(c) to connect any electrical system under consideration with the thermal 
conditions and technical economic indices of an arc’s operation. 


The solutions of the problems shown in the first two points are con- 
sidered in this article. 


Methods of calculating the electrical system of an arc furnace 
sith an unsyemetrical current lead with non-sinusoidal 
voltages of the arcs 


1960 


Because of the exceptional complexity of the mathematical calculations 
of the non-linear three-phase circuit under consideration (Pig. 1) 
analytical methods of a solution have up till now been published only for 
the following particular cases: unequal resistances of phases, sinusoidal 


voltages of arcs | 2-4 |]; equal resistances of phases, non-sinusoidal 
voltages of arcs | 5-7 |. A solution of the problem in respect of ferro- 
alloy furnaces has been obtained by I1.T. Zherdev for the case when the 
phase resistances are equal and the arc voltages non-sinusoidal, by means 
of which the shunt resistance was calculated. In each of these particular 
cases a calculation can be achieved, if the active resistances of the 
load and voltage of the arcs are given. Here an analytical calculation 
becomes either extremely complicated or practically unrealizable, if the 
phase currents or phase outputs are fixed. 


Below, a mathematical model is described*, by which means one can ob- 
tain a solution of the most complex problem and carry out studies of the 
electrical systems of arc furnaces taking into considération the sub- 
stantial non-linearity of the arc resistances, when the values of useful 
electrical outputs of the phases, the currents and voltages of the arcs 
are fixed. 


The idea underlying the modelling operation for non-sinusoidal arc 


* The mathematical model was evolved by the author jointly with V.V. 
Stepanenko with the assistance of V.G. Sirotkin and &°.G. Uderman. The 
experimental measurements on the model were taken by V.G. Sirotkin. 
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voltages is explained by Fig. 2. For the volt-ampere rating of the arc 
in Fig. 3 (curve 1) the following is characteristic: in the course of 
each half-period length, when the current is not equal to zero, the volt- 
age of the arc has a constant value and is equal to e , OF Cobre where 
generally e 4 e. By using a method of substitution and principles 
of super imposition ste and 8 | for calculating circuits with essentially 
non-linear resistances, one can replace the voltage drop in the arcs by 
the equivalent electro-motive forces and ¢ of six generators, the 
resistances of which equal zero [Fig. 2a ]}. Realization of this concep- 
tion is related to the necessity of introducing into the model three 
synchronous switches and a circuit to control their switching. 


The introduction of valves instead of switches into the circuit en- 
ables the required law of commutation of the voltages of the six gene- 
rators to be automatically fulfilled. For this the polarity of the 
connexion of each valve must be selected in such a way that the voltage 
of the generator connected in series with it would be directed towards 
the direct current of the valve [Fig. 2b ]}. Furthermore in the model, as 
in the furnace, current will arise in the : phase when there is continuous 
combustion in the arc in keeping with the condition [6 ]: 


(1) 


and when its combustion is intermittent in observance of the condition: 


u—u" (1’) 


i 00 


where uy is the phase voltage of 1 phase in the network; 


u”. is the potential of neutral point 0” of model or of equivalent 
circuit of furnace relative to the neutral point of the circuit 


e. is the arc voltage. 


The volt-ampere rating of the arc [| Fig. 3, curve 1 ] can be modelled 
by using semiconductor diodes. An almost trapezoidal form of the oscillo- 
gram of the arc’s voltage can be obtained by selecting a type and number 
of valves connected in series. 


Fig. 2(b) shows that the required equal and unequal values of the 
electro-motive forces of the six generators can be reproduced by means 
of one generator of direct current G, one potentiometer and three pairs 
of current-collecting brushes B.. and B. 


As regards the network, the circuit from the six valves and the 
potentiometer constitutes a six phase rectifier circuit. The conditions 


|_| 
i oo dt 
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FIG. 2. Principle circuits for modelling a furnace. 
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of commutation of the currents conform to equations (1), (1°). Taking the 
inductance of the generator’s armature into consideration the direct com- 
ponent /. and the alternating component i of the circuit’s currents, 
which flows through sections B - 0” - B, (with a combination of the 
three brushes B and the three brushes B. , will be equal: 


(2) 


where Fo and a are the resistances of every potentiometer and its secti 
between points B and B, 


When the values of the arc’s voltages are small and /], = 7 
I,» 1.35 I. 


By selecting the scales for modelling the currents and voltages of thw 


model 


r 


where k, is the transformation ratio of the currents of the furnace an 
model. 


For an opportunity to solve the problems in the model for any furna 
it is expedient to provide a constant supply to it from one and the s: 
circuit (e.g. 220 V), to select one value for the model’s current (e. 
I 0.25 A) and to provide an opportunity to alternate the active re 


t 
Sistances and inductances of the models, arising from the condition: 


The model, the circuit of which is produced in Fig. 4, satisfies t 
condition. Choking coils with a large air-gap, which satisfy the con 
tion (dL. dt.) » 0, are used as inductances in the model. 
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FIG. 3. Volt-ampere characteristics. 
1—for an alternating current high-power arc taking into 
consideration its valve action; 2—as 1, but without 
taking the non-linearity of the resistance of the 
arc into consideration. 


The error of calculations carried out in the model are basically de- 
termined by the error of the measuring instruments and appliances used. 
Class 0.2 — 0.5 measuring instruments can be used for measuring the volt- 


ages of the circuit, the currents of the phases and the output required 
by the circuit. The voltages of the arc can be measured between the cor- 
responding brush 8. and the neutral point O” by a class 0.2 - 0.5 direct 
current voltmeter, where the additional error of measurement arising in 
this case and dependent on the drop in voltage (0.2 — 0.5 V) in the valve 
can also be taken into account. 


Electronic multiplier links in the thyrites anddirect current operation 
amplifiers with a deep negative feedback are used for measuring the use- 
ful output of the phases P i or the putput of the arcs P,, and also for 
automation of the process of establishing the requisite values of the out- 
puts Pai or P i (or of the currents I;) in the model. In the case under 
consideration the operation amplifier is used as a cumulative zero-instru- 
ment. The voltage with its output through the standard alternating current 
amplifier is fed to the two-phase asynchronous motor D, which moves the 
corresponding pairs of brushes of the model. By putting the requisite 
value of output (of current) into the inlet of the operation amplifier by 
means of the divider D, the automatic arrangement of the brushes in the 
necessary position can be ensured in each phase. The divider D, must be 
supplied from a stabilized voltage source and be graduated in values of 
output (of current). By using a multiplier thyrite link the error of 
measurement of the output amounts to 1.5 per cent, which is quite accept- 
able for engineering calculations. 
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If the valves and the generator, described in Fig. 4, are replaced by 
three passive adjustable resistances, then a model for studying electrical 
systems with sinusoidal arc voltages can be obtained. 


The possibility of studying the oscillograms of currents and voltages 
and the conditions of redistribution of electric power between the arc, 
the shunt, and also (he resistance of that part of the electrode situated 
in the furnace, and the fusion in ore-thermal furnaces, is represented by 


means of three resistances ay plotted by the dotted line in Fig. 2. 


The modelling appliance under consideration enables complicated 
calculations to be realized quickly and with entirely acceptable accuracy 
and studies of the electrical systems of steel arc and ore-thermal arc 
furnaces to be carried out. 


Conditions of distributing electric power between the 
phases of a furnace 1960 


The electrical system of a furnace is characterized by the currents 
t e 
at 


1; 2; 3), by the voltages in the load 


(Fig. 1), by the useful electrical] outputs of the phases P i = 


I* Ar ois by the voltages and outputs of the arcs, by the total values of 
useful and active power etc. 


In the three-dimensional current field Vy one point 7 = il, : il. + 
kJ. corresponds with any real combination of ],, 1], and /.. The aggregate 
of all possible combinations of the currents I in the field Vy forms an 
infinite closed field, situated in a quadrant, formed by the positive 
directions of the currents. 


By similar considerations one can introduce a conception about a 
system of the co-ordinates~., FE. and EF. in the three-dimensional field 
V, of the voltages and about a system of the co-ordinates of the phase 
outputs P., P., P, in the three-dimensional field Vp of the outputs. 


Only one combination of the real voltages of the three phases charac- 
terized by the point £ in the field Ve and one combination of the outputs 
of the three phases characterized by the point P in the field Vv, corres- 
pond with each combination of the currents of the three phases, character- 
ized by point 7 in the field Vr. Such an identity exists between the 
point £, in the field V,, the point J in the field V, and the point P in 
the field V_. However several points of J and £ in the fields V, and V, 
will correspond with one and the same point P in field V_ (i.e. a series 
of combinations of the currents and voltages of the phases will corres- 
pond with one combination of the phase outputs. 


If one studies in the field Vy the possible combination of systems, 
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which corresponds with the relatively narrow interval of variation of the 
phase currents within the limits of 100 + 10 per cent where a suitable 
variation is equal to 2 per cent, then the number of possible combinations 


of systems, subject to investigation, also reaches a magnitude, equal to 
3 
10”. 


In this connection there arises the necessity of developing a method 
which could determine the asymmetry inherent in it of the values P., E. 
and I. for each furnace with a given secondary voltage and also the 

possible systems which ensure a minimum difference of outputs, voltages 
and currents of the phases sufficiently. 


From the large variety 


of electrical systems, which are possible at 
each moment of fusion, it is expedient to isolate only those which re- 
spond to one and the same value of the total useful output >P ;, intro- 
ducible into the furnace, and which are distinguished by a different 
distribution of it between the phases of the furnace. 


With the aid of a model one can easily more accurately define the 
values of the currents, voltages and outputs of the phases, which corres- 
pond with systems of equal currents, equal voltages and equal useful out- 
puts of the phases, and which respond to the condition =P oi = constant. 


Three points in the Vy region of currents (we shall denote them by I}, 
I, and | respectively) (Fig. 5a), three points in the Ve field of volt- 
ages (points Ep E. and E ) (Fig. 5b), and three points in the V_ field 
of outputs (points Py, Py and Pp) (Fig. 5c) correspond with these three 
systems. Through each of the three points of the given region we shall 
draw the planes (through points Ty, I, and I), (through points Ey, 
Ey and F_) and ", (through points Py, Py and Pi). We shall connect these 
three points in each of the three planes by segments of straight lines 
and we shall draw medians for each triangle obtained. 


A possible real system* corresponds with each point included within 
any of the three triangles and on its sides. Here, since the electrical 
system for each of the points which is an apex of a triangle is known, 
there is a possibility of more accurately defining a system which corres- 
ponds with any point of the area of any of the three triangles (see 
appendix). 


If one examines the continuous combination of electrical systems, which 
is determined, for instance, in the plane W, by the combination of points 
(curents), lying on the straight line which connects points I, and I; 


* This condition for the series of points on plane *. cannot be satis- 


factory. 


= 
‘ 


Electrical systems for arc furnaces 


FIG. 5. Vie Ve and v, ~ region of currents, voltages and outputs; 


Ey. Py points, representing equal current system, 


Ip, Ey. Py points, representing equal voltage system, 
outputs. 


Ip. Ep. ?. — points representing system of equa) useful 
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(i.e. on line | I). or points Ip and I, (i.e. on line I pl p), one can 
study the condition of the constant variation of phase currents (and of 
the three voltages and three outputs of the phases which correspond with 
each combination of currents) with gradual transition from the system 
which corresponds with the parity of the phase outputs, to systems which 
correspond with the parity of phase currents or useful phase voltages. 

In a similar way one can study how the values and relationships of phase 
currents, voltages and outputs vary, as long as one examines the combina- 
tion of voltages and outputs which corresponds with the sides of the 
triangle lying in the planes W, and wa their medians, the centres of the 
triangles*, etc. 


The results of studying the electrical systems of an industrial steel 
arc furnace** with a capacity of 20 tons are produced in Fig. 6 when 
U, = 250 V; = 5.800 kW; r, = r, = = 10.3 x 10°Q; Ar = 4x 
x 32.7 x x, = 10° 0; x, = 34.2 x 10° 


| 


60 
On the axes of the abscissae are denoted typical points of the planes 
", We and Wp. for each of which with the aid of a model, the values Pow 


I, E, =P ,; and the sum of the squares of the phase currents > | ‘ 
; (which determines the electrical losses) are ascertained. Systems are 
determined for the following typical points of the planes (Fig. 5); 


P Pg; & E I P 


Having joined by lines the points which correspond with the values of 
the currents, voltages and outputs of analogous phases, we shall obtain 
an approximate picture of the variation of all magnitudes and also of 
the values =P. and 21* for the sections of the lines situated betwee 
the typical points under consideration. 


The electrical systems for points I, E, and Pp», when the phase 
sequence is in reverse order, are denoted in Fig. 6 on the right-hand 
side. 


Electrical systems which correspond with similar points, lying, for 
instance, on the straight lines Iplp. Ent» and PpP es. as a rule, wi! 
not coincide, with the exception of points I Ep and Pp, and also 
points Ip, Er, Pr, which represent one and the same system. 


The relationships in Fig. 6 are acceptable for all furnaces, having 
values such as: y, = «,/r, Ay) = = and = 


| | 
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PIG. 6, Diagrams of electrical systems for a series of points 
in regions Vir. Ve and Vp. 

~- for 14 points of the regions in direct series; 

6— for three points in reverse phase series; 


An analysis of the data obtained enables the following conclusions to 
be made: 


1. For all the points (systems) examined, which belong to the planes 


Wi W, and Wp. the total value of the useful output does not differ by 


more than +1 per cent and —~2 per cent, i.e. it is practically constant. 


2. For all systems examined the power of electrical losses LI ‘(r- \r) 


differs by less than +6 per cent of the rated output, and for the 
majority of systems by not more than +2 per cent. 


3. The combination of systems, isolated in field Vp V, and Vp. is 
approximately equivalent in total for the three phases of the electrical 
system - Ps =P the difference in cos ¢ 
which also takes place is immaterial. 


This conclusion has an important value, since a comparison of the 
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systems obtained can be realized only by taking into account their in- 
fluence on the thermal system of the operation of the furnace, of the 
transformer and of the electrodes and by allowing for an admissible 


asymmetry in the network’s load, 


4. In the system of equal outputs the asymmetry of phase currents 
reaches 36 per cent; the asymmetry of voltages, 47 and 54 per cent. In 
the system of equal voltages or currents the asymmetry of phase outputs 
reaches 13.5 and 15 per cent respectively. An asymmetry of phase currents, 


voltages or outputs 1s undesirable as it leads to a deterioration of the 
technical and economic indices of a furnace’s performance. 


5. The transition from the system ly to the system Pp (along the lines* 
I pI p, EE, or Ppp or from the system E, to Pp (along the lines Ip] p, 
E<» or P Pp) enables the variety of useful phase outputs to be gradually 
reduced at the cost of gradually increasing the variety of phase currents 
and voltages. Thus an improvement of some indices 15s attained at the ex 
pense of a deterioration of other indices of an electrical system for t 


three phases of a furnace. 


6. A compromise solution represented by the points T7_ pp and Ey_ 7 
enables the relationship of phase outputs to be reduced to 11 per cent 
with a negligible asymmetry of currents and voltages, and systems re- 
presented by the points E ip and Egp enable the relationship of phase out- 
puts to be reduced to 9 per cent where J. = 106 per cent and EF, = 113 per 
cent. The equalization of phase outputs which is connected with the in- 
creased asymmetry of phase currents and voltages 1s more significent. 


Electrical systems, which correspond with the points Ty, Er and Pp 
a furnace with a short circuit of new triple-bifilar construction, re~ 
presented by practically equal values of phase resistances, were studied 
with the aid of a model [10]. With the new construction of the short 
network it is possible to operate in a system of equal arc currents and 


9 


voltages, where the variety of useful phase outputs does not exceed 2 


per cent. 


Appendix. 


We shall assume that in field Ve (Pig. 5b) the values of each of the 
three co-ordinates for systems Ee and E, respectively are known, (i.e. tne 
values of the voltages of the three phases for systems E, and Ep). Then 


and voltages 1 


A constant and regular variation of phase currents 


characteristic for any of the lines in question :n the planes "7 


Wr but these conditions cannot be observed for lines situated in the 
plane Wp. 


. 
. 
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for point E,, which lies on section E,Ep (length L) at a distance x from 
point E,, the value of the voltage for the co-ordinate E, (i.e. phase 1) 
will be: 


x 
Eg; + L (Ep, Eg; ). 


Consequently for any point E. on the line Erp 1» which represents 
the median of a triangle in the plane We the value of the voltage for 
the co-ordinate E. where the lengths of the sections EppE | = S and 
Egpe = y will be (taking into account that x/L = 0.5): 


y 
+ [Ey — Eg; — 9,5 (Ep; — Eg; 


The values of phase currents, voltages and outputs, which correspond 
with any point of the planes Wy, We and "> can be determined in a similar 


way. 


Translated by J.F. Boyland 
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CONTROLLED SEMI-CONDUCTOR RECTIFI ER* 
E. la. PUMPER 
All-Union Lenin Institute of Electrical Engineering 


(Received 6 November 1958) 


It is known that semi-conductor diodes are uncontrolled devices. A smooth 
control of the rectified current is usually achieved by means of satura- 
tion coils connected in the primary circuit of a transformer feeding the 
rectifier. In this article we discuss the possibility of making a con- 
trolled semi-conductor rectifier whose controlling element 1s a semi- 


conductor triode. 


The principle of a controlled semi-conductor valve 


The controlled semi-conductor rectifier (CSV) consists of semi-con- 
ductor diode and triode**. The former plays the role of an uncontrolled 
valve, and the latter is an element controlling the value of the rectified 
current (Fig. 1). The sense of connection of the diode should be such 
that the diode n — p junction should carry the forward current during 
that fraction of the period when the collector n — p Junction carries the 
reverse current. For a conducting diode the triode is in the state of 
amplification and is capable of controlling current flowing through the 
diode with only a small loss of power in the controlling circuit. When 
the sign of the rectified voltage changes the rectifier stops conducting 
the current since the reverse current flows in the diode. 


Neither of the elements which compose the rectifier is separately able 
to perform the function of a controlled rectifier. It is possible to con- 
trol the current flowing in the triode only in the case when the collector 
n-— p junction conducts the reverse current, (negative voltage on the 
collector). With the change of the voltage sign on the collector, the 
collector n -— p junction begins to conduct the forward current, i.e. the 
collector and base become joined. In the emitter n — p junction the re- 
verse current begins to flow. The triode loses its control. Its resist- 
ance becomes small, since the emitter mn — p junction 1s being shunted by 


® Elektrichestvo, No. 8, 65-69, 1959. 


** Pumper, E.Ia. Author's certificate No. 106062 of 26 October 1955. 
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a small resistance of the external circuit emitter-base. Consequently, 
in a triode the barrier current is absent. 


Volt-ampere characteristics of the system shown in Fig. 4 differ from 
the semi-conductor triode characteristics. The reverse current of the 
rectifier is limited by the diode reverse current, and owing to this, the 
rectifier acquires the properties of a controlled valve. An analogous re- 
sult can be obtained by connecting the n — p junction into the base 
circuit (Fig. 2), and the connexionshould be made in such a way that the 
junction should conduct the reverse current for the rectifier reverse 
voltage. The barrier properties of the system are ensured by the n-— p 
junctions in the circuit of the base and the triode-emitter. 


The circuit discussed has one advantage in comparison with that shown 
in Fig. 1, since the n — p junction connected in the base-circuit does 
not transmit the total current, as is the case in the former circuit, but 
only the base current which is by one order of magnitude smaller than the 
collector current. But this system also has certain disadvantages. The 
main disadvantage consists in that the semi-conductor triode in this 
method of connexion works under heavier conditions. 


In the first case only the collector n-— p junction is a dangerous 
point so far as puncture is concerned, since at the reverse voltage the 
triode is in fact switched off and the total voltage is applied to the 
diode, In the second case, the valve being unlocked, the collector n-— p 


junction transmits the reverse current, and when the valve is cut-off the 
emitter n — p junction transmits the reverse current. Consequently, in 
the triode both n— p junctions should withstand the reverse voltage, 
which is of particular importance for three-phase operation in which the 
reverse voltage on the valve is nearly double the phase voltage. 


FIG. 1. Circuit of the rectifier FIG. 2. Circuit of the rectifier 
with a diode connected in the with a diode connected in 
collector circuit. the base circuit. 


During operation the triode overheating is greater than that of the 
diode. Therefore, the requirement concerning the puncture strength of 
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both n — p junctions will be still more rigorous. When the n — p junction 
is connected in the base circuit the valve reverse current increases. 

Por the reverse voltage on the valve, the emission of minority carriers 
from the triode collector takes place into the base layer and this sets 
up a greater reverse current than the diode curreat. Moreover, due to 

the smaller current sity in the triode the area of the emitter n -— p 
junction should be greater than the area of the diode n — p junction, 
connected in the collector circuit, which also increases the reverse 


current. 


When the diode is connected in the collector circuit, the requirements 
concerning the puncture strength of the emitter n — p junction now apply 
to the diode, where it is easier to satisfy them. The diode efficiency is 
higher than that of the triode in the rectifier circuit. Therefore, the 
connexion of a diode in the collector circuit only slightly decreases the 
overall efficiency of the systen. 


Conditions of the sesi-conductor triode in the high 
current circuit 


Since the triode operating temperature should not exceed a definite 
value, it is necessary to choose such operating conditions under which 
the power dissipated in the triode is reduced to a minigun. 


Let us consider for this purpose a family of triode characteristics. 


Fig. 3 shows characteristics of the triode collector current and of 
the load line for two resistances R, = 4 and Ry = 202) for the power 
supply voltage in the collector circuit U, = 50 V. The dotted line shows 
the curves of the triode maximum permissible dissipation equal to 30 and 
100 W respectively, these values being determined by the quality of the 
cooling device. 


The product Us, is equal to the collector dissipation power. There- 
fore, only these conditions are permissible for which the direct load 
curve lies below the maximum permissible dissipation curve. The greatest 
power is dissipated in the triode not for the maximum current, but in the 
siddle section of the load straight-line graph. There are two such 
sections where the dissipated power is small. These are the section of 
the collector heavy currents and low voltages and the section of high 
voltages and the collector small currents. Therefore, for a given cooling 
device the maximum permissible current depends considerably upon the 
shape of the control current. 


The ideal shape are rectangular pulses (conditions of switching over). 
The height of the pulses should be so chosen that the load straight line 
should intersect the collector characteristic in its inclined section. 
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In this case during the conducting part of the period the triode dissipa- 
tion power will be less than the permissible (for instance, point A in 
Pig. 3). 


60 


FIG. 3. Volt-ampere characteristics of a semi-conductor triode. 


Us 


PIG. 4. Linearized character- FIG. 5. Shape of the current 
istics of the rectifier. pulses in the rectifier. 


After the cessation of the pulse action, the operating point moves to 
point B, which also is situated below the curve of the limit power. If 
the transition from point A to point B occurred instantaneously, power 
dissipation would not occur. The operating point on the triode character- 
istic, for the collector constant voltage, is found at point A when the 
triode transmits currents. The triode internal resistance at this point 
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is small, since it is determined by the slope of the section OA, and the 
voltage drop according to Fig. 3 is approximately equal to 1.5 V. 


Under these conditions the value of the permissible current in the 
circuit of the triode collector considerably increases. Thus, if for the 
permissible dissipation of 30 W and for the d.c. control, J, < 2.54, 
then for the pulse control and the same dissipation, the collector per- 


missible current is equal to 12.5 A. 


The current control in this case should be carried out by varying the 


duration of the contro] impulse, but not by the increase of its height, , 


since in this case the operating point on the load straight line will 
move into the region above the curve of the limit power, and this will 
cause the triode to overheat. When a triode is used, a control of the 


rectified current is also possible in the controlled valve by shifting 
the phase of the controlling pulses with respect to the rectified voltage. 


From the above considerations it follows that the use of the semi- 
conductor triodes in high current circuits is made easier if they can 
work under the conditions which permit switch-over. 


Power properties of a controlled semi-conductor valve 


Let us consider a half-wave rectifier CSV with the resistance R, whose 


linearized characteristics are shown in Fig. 4. In view of the smallness 


of the reverse current of the semi-conductor diode we shall assume that 


the rectifier reverse current is equal to zero. 


In the inclined part of the valve characteristic the valve internal 


resistance is equal to RA, = U. I.. If the voltage amplitude on the valve 


l > U, the shape of the current curve looks like that shown in Fig. 5, 


in which portion bc corresponds to [ > U. The angle of cut-off of the 


pulse current wr lies within the limits 0 < wr < 7/2. 
The current flowing in the valve can be determined by the following 


formulae: 


7 
Sinwt for — 


R, r L 


Ey T 


for <t<?, 


where FE. sin wt= voltage applied to CSV. 
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The angle of cut-off can be determined from the condition that for 
t= 7/4-r 


sing 
R+R, \ 


4 


= / 
cos @t = (Ro +R) 


With the increase of the valve saturation current the angle of cut- 
off decreases. 


When r = 0 


Expressing the saturation current by the angle of cut-off we get: 
l . t 
9 eos 
— (1 — sin wt) +-2 cos wt =. 


The useful power is determined by the formula: 


— sin 2wt-+-8 cos wt ) 


where Wp 1/4(E2/R,) is the useful rated power; 


v, = R,/(R + R,) is the rectifier rated efficiency for, = 0. 


0 
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tain 


0 


PIG. 6. Dependences of the efficiency, useful power and 


rectified current on the angle of cut-off. 


The total power consumed in the collector circuit is equal to: 
T 


4 


T 


El dt + 


= War | 1 sin dor]. (4) 


The efficiency of the collector circuit is given by the expression: 


| —— sin +8 wr 
(5) 
1 sin 
Theoretical dependence of the useful power, efficiency and rectified 
current (in relative units) on the angle of cut-off is shown in Fig. 6. 
It follows from these curves that by varying the angle of cut-off we can 
control the value of the rectified current. The decrease in current is 
accompanied by a considerable decrease in the rectifier efficiency due to 


the increase of power dissipated in the valve. 
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1,=+;V,,= V,=W, H 


This set of conditions is characterized by the highest efficiency. In 
this case calculations for the rectifier are reduced to the ordinary cal- 
culations for a rectifier with a linear valve. Then the operating portion 
does not extend beyond the inclined part of the triode characteristic 
(Pig. 4). 


The control of the angle of cut-off can be achieved, according to 
formula (1) by varying the saturation current I, i.e. by acting on the 

triode control circuit, or by varying Ig. i.e. the parameters of the load 
circuit. 


The first case leads to the possibility of controlled rectification 
by varying the base current. The rated value I, is so chosen that the 
valve for the limiting current should be under the conditions of minimum 
losses when I, < I 


s Max* 


From the energetic point of view the control by rectangular pulses 
with regulated duration At is more advantageous, and in this case 
0< At < T/2. During these intervals when a pulse acts we chose the con- 
ditions for which r = 0, The useful and total power are characterized by 
the following relationships: 


at 


0 


W 


\ 
—-— sin 2wt-+-8 cos? wt) - 


The second terms of these expressions are determined by the collector 
initial current I 60 for the base current equal to zero. Since I 60 << I, 
the angle of cut-off for this part of the half-period is very near to 
90°, i.e. the current practically does not vary with the variation of the 
voltage on the collector. Because of this the second terms can be deter- 
mined according to formulae (3) and (4) and multiplied by the quantity: 
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After integration and corresponding rearrangements we get: 


2 At \ 
[2 ( — sin ) 


Sin = cos’ wt} | 


l t l 
sin +(1 4 sin 2wt + 8 cos? -- 
t 


\ l \ At 
1. 7 - 
sin 4 sin 2 wf ¢ I ) 


The valve rectified current is equal to: 


at 
l, sin +( (1 — sin wt) + 


(1 — cos wAf) -+ ( (1 Sinwt) 
t2 wt) (! = ): (9) 
The rated value of the rectified current (for At = 7/2) is given by 


the formula: 


fe 


drat 


Fig. 7 shows the theoretical relationship »/» (Ty ly rat) calculated 
by formulae (8) and (9) for a valve controlled by rectangular current 
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pulses of variable length (curve 2). The valve initial current I was 
chosen equal to 0.1 A. Experimentally obtained points for the valve are 
denoted by crosses and, the triode characteristics of this valve are 
shown in Fig. 3. The rated value of the valve rectified current was equal 
to 3 A, and 7. = 93 per cent. For comparison Fig. 7 shows also theoretical 
relationship n/no/U4/T4 rat)» calculated by formulae (2) and (5), when 
the valve control is done by varying the base current. 


4. 
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FIG. 7. Dependence of efficiency on the rectified current 
(1) for rectifier control by d.c., (2) for the pulse control. 


From Fig. 7 it follows that experimental data for the pulse control 
agree rather well with the theoretical relationship. The control of the 
valve by regulation of the base current brings about a sharp drop in the 
efficiency of the collector circuit, i.e. it leads to the development in 
the collector n — p junction of a considerable amount of heat, whilst in 
the case of the control by pulses of variable length, losses in this 
junction are considerably smaller. The same effect is given by the control 
of the valve by rectangular pulses shifted in phase with respect to the 
rectified voltage. 


FIG. 8. Voltage oscillograms of controlling pulses (1) and of the 


rectified current (2) a: for Ty = 0.75 A; »b: for ly = 0.25 A. 
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Fig. 8 shows an example of oscillograms of the pulses of the control 
voltage, applied between the base and the triode emitter, and of the 
rectified current in the collector circuit of the controlled valve. 


Translated by S. Szymanski 
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IMPROVEMENT OF COMMUTATION CONDITIONS 
IN D.C. MACHINES 


N.S. KLIMOV 
Moscow 


(Received 11 February 1959) 


The design and dimensions of d.c. machines are to a great extent deter- 
mined by conditions of sparkless commutation. 


The principal cause of sparking is the break of the residual current 
flowing in the short circuited section of the commutator segment leaving 
the brush. 


Sparking seldom occurs on the entering edge of the brush. It can be 
due to the following causes: 


(a) if the brush is not properly ground or does not make good contact 
with the collector, this sharply increases the contact resistance and 
causes the overheating of the brush entering edge; 


(b) vibration of brushes; 


(c) the voltage of the section at the moment preceeding its closing 
is too high and the gap between the commutator segment and the brush is 
punctured before the commutator segment 15 in contact with the brush. 


These faults can be rather easily cleared. The last fault can occur 
only in high voltage machines. 


By investigating the process of commutation by using a laminated brush, 
one more cause of sparking has been found. Despite the decrease in the 
residual current flowing in the short-circuited section, the sparking 
under brushes increased (two parts of the brush were 5 mm wide and were 
not closed by the commutator segments). Probably it was due to the fact 
that the selective capacity for the flow of the current through the brush 


contact was disturbed, since the current between the parts of the brush 
was forcibly divided. 


Elektrichestvo, No. 8, 78-80, 1959. 
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Commutation conditions in d.c. machines 


The main task in improving commutation consists in elimating spark'ng 
at the brush leaving edge. 


It is possible to improve considerably the conditions of commutation 
in d.c. machines if the commutation 15 performed by using valve devices 


{1 1. Several schemes for connecting valves and the commutator-brush 


assembly are known. 


Fig. 1 shows the circuit diagram proposed by E.L. Ettinger. Leads 
from the section of the armature winding 5 are connected to the segments 
of two commutators 3 and 4. Brushes on each commutator do not close the 
commutator segments since brushes are more narrow than the insulation 
separating segments. One end of a section 15 connected to one commutator 
and the other end to another commutator. The commutator segment on one 
commutator does not leave brush a before the other commutator segment on 
the other commutator is already under brush 6. Sections during the pro- 
cess of commutation close through two brushes, say a and 6, and through 
two valves 1 and 2. The number of valves needed is equal to twice the 
number of poles. 


Fig. 2 shows a circuit diagram with one collector. For this diagram, 
as for the former, it is required that the width of brush 4 be less than 
the width of insulation between the commutator segments 5. During com- 
mutation the sections are closed through two brushes, say 4 and 6, and 
two valves 7 and 8. The width of the commutator working segment and the 
distance between brushes should be so chosen that the operating segment 
should close these brushes for switching current from one brush to the 
other. The brush holders for brushes 4 and 6 can be fixed on the same 
brush spindle if they are properly insulated from it. The number of valves 
required in this scheme is equal to twice the number of poles. 


For the wave winding of the machine armature a scheme can be devised 
with one collector, and the number of valves equal to the number of poles. 
The width of the brushes should be smaller than the width of insulation 
between the commutator segments, due to this during the process of com- 
mutation the armature winding sections would close through two brushes 
of the same polarity and two valves. 


For the non-reversible machines in schemes similar to that in Fig. 2 
the number of valves will be half that for the reversible machines. 


Schemes with auxiliary brushes, which are located near the leaving 
edge of the main brushes and are connected with them through valves, seem 
promising. In this case current will flow through valves and auxiliary 
brushes only at the end of the commutation process, therefore the 
auxiliary brushes and valves should be designed for a current consider- 
ably smaller than the rated current. With commutation realized by using 
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the valve devices, considerable accelerated commutation is permissible. 
After the moment when the commutation process ends due to the interrupt- 
ing action of the valve connected to the leaving commutator segment, the 
current stops flowing and will not flow under the influence of the com- 
mutating e.m.f. The circuit of the short-circuited section is broken 
before the moment when the moving commutator segment would have broken it. 


60 


Circuit diagram for commutation of a d.c. machine 
proposed by E.L. Ettinger. 
— thyratrons; e r commutators; 


5 — armature. 


When valve devices are used for commutation, the reactive e.m.f. can 
be increased several times. Therefore, other things being equal, the 
number of turns in a section can also be increased. In locating them in 
a few slots we can avoid a considerable increase of the current density 
in the forward part of the brush entering edge. It can be achieved by a 
proper choice of the width and shape of the pole shoe of the auxiliary 
pole. A decrease in the number of sections with a simultaneous increase 
in the number of turns in the sections will permit the simplification of 
the machine construction. If at the rated load a considerable accelerated 
commutation takes place, then, although at a short-circuit there will be 
some sparking, circular sparking may not occur. 


The diagram of connections shown in Fig. 2 has in comparison with 
others this disadvantage that at the transition of current from, say, 
brush 4 to brush 6 (when they are being closed by the commutator operat- 
ing segments 2), current commutation takes place. However, the inductance 
of this circuit is very small since two connecting leads for mounting two 
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valves in the machine body will be short, consequently the reactive e.m.f. 
is small, and the section resistance consisting of the transition resist- 
ances of two brush contacts and two valves is relatively large. 


In order that the insulation between segments should be wider than the 
brush, we may use “dead" copper segments. To obtain the unification of 
the commutator segments the necessary width of the operating segments may 
be obtained by joining a number of segments together. Despite the presence 
of *dead" segments, the construction of the commutator brush assembly will 
be simplified. 


For the method of commutation described, the magnitude of the transi- 
tion resistances in the brush contact does not affect the degree of spark- 
ing, therefore we may use brushes with a smaller transition resistance 
(oopper-graphite and others), which permit greater current densities in 
comparison with conventional electrographited carbon brushes. In this 
case, for the same mean current density, the maximum current should in- 
crease. Although the operational experience for the intermittent flow of 
current through the brush contact is not yet available, nevertheless, we 
may assume that losses in the brush contact and the heating of the com- 
mutator and brushes will be determined by the mean current, since the 
voltage drop, for a comparatively small increase in current, in effect 
does not increase. 


Since in all conditions, including overload, there will be no sparking, 
the voltage between the commutator segments may be considerably increased. 
Due to the presence of the "dead" segments, there will be on the commu- 
tator zones with a small degree of ionization which prevent the occurrence 
of circular sparking. The increase of the permissible voltage between the 
commutator segments permits a decrease of machine dimensions, an increase 
of voltage and of the limiting power of d.c. machines. The increase of 
the rated voltage of d.c. machines (in the cases when this is necessary) 
will lead to the simplification of the construction of the commutator- 
brush assembly. 


Experimental test of the commutation method discussed was carried out 
on d.c. machine of 15 kW power, 220 V, 1.000 rev/min. The diagram of con- 
nexions shown in Fig. 1 was chosen for the experiment. The machine had 
one commutator. The shaft was made longer and a second similar commutator 
was mounted on it. The armature winding of the four-pole machine had 117 
sections. The number of sections was reduced to 28. The working sections 
consisted of 5-6 commutator segments joined together. Between the working 
segments there were three dead commutator segments. The width of the 
working segments was approximately 25 mm and the width of three dead 
segments was 15 mm; the width of the brush was equal to 10 mm. 


Windings of the auxiliary poles were fed from an independent source. 


Commutation conditions in d.c. machines 


The valves used were thyratrons TG-162 (mean current 15 A, maximum current 
40 A). A constant positive voltage was applied to the thyratron grids. 

In the auxiliary poles windings a 

50 A current flowes during the initial 
period. At the load of 30 A, despite 

a considerable accelerated commuta- 
tion, sparking did not occur. 


In order to ascertain the possi- 
bility of machine operation in the 
case of considerable accelerated com- 
mutation, tests were carried out 
with the working current of 18 A, 
whilst the current in the auxiliary 
pole winding was increased to 88 A. 
In this case oscillograms of currents 
in thyratrons were recorded. As can 


be seen on the oscillogram in Fig. 

3(a), the time of commutation was IG. 2. Circuit diagram for 
very small. The moving working seg- comautation of a d.c. 
ment left the #rush at the moment machine with one commutator. 
when there was no current in it, and f-armature; 2, 5— insula- 
sparking under brushes was not ob- tion: 3—the commutator see- 
served. The oscillogram in Fig. 3(b) ment: 4, 6— brushes; 


was recordea when the current in the 5, &—valves. 
auxiliary poles windings was equal 

to 30 A (there was no sparking) and 

the oscillogram in Fig. 3(c) - for a current of 9 A. 


With the decrease of current in the auxiliary pole winding the time of 
commutation increased. In the latter case (Fig. 3c) sparking was observed 
since the process of commutation coult not be completed before the leav- 
ing edge of the segment was separated from the brush. 


In the oscillogram in Fig. 4(a) a curve of the thyratron anode voltage 
is shown (voltage of 19 V shown in the oscillogram corresponds to the 
voltage drop in the thyratron arc). 


The oscillogram 4(b) shows a curve of the anode voltage of a thyratron 
which did not fire. To improve the conditions of commutation in normal 
d.c. machines, valves are needed with a reverse voltage 10-50 V. 


In constructing special machines, for instance a d.c. motor of 10— 20 
kV (with fixed winding), the commutator should be replaced by a devic« 
similar to that used in contact convertors. 


The present work was performed by the author in 1938 under the direction 
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PIG. 4. Oscillograms of the thyratron anode voltage. 
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Commutation conditions in d.c. machines 


of academician K.I. Shenfer, but we considered that its publication was 
premature since the method of commutation suggested could not have been 
recommended for realization because of the lack of suitable valve devices 
at that time. 


Production of the semi-conductor rectifiers designed for heavy currents 
will permit in the near future the realization of the commutation method 
described; and this will substantially improve the use of active materials 
and permit a better construction of d.c. machines. Valves should be 
built in e machine body; for their cooling the existing ventilating 
system of the machine may be used. 


Translated by S. Szymanski 


60 REFERENCES 


N.S. Klimov, Author’s certificate No. 54332 (1936). 


ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No. 8, 1959 


Propagation of sinusoidal oscillations along a three-conductor line 
with horizontal spacing: 4.V. Kostenko. (pp. 1-8). 


Electromagnetic processes in long-distance multi-conductor lines are 
currently analysed by determining the longitudinal resistances and the 
transverse conductances for an electrica! circuit which is approximately 
equivalent to a real line, the parameters being determined on the basis 
of an approximate integration of the Maxwell equations. This method is 
unsuitable for evaluating the error in the solution of the problem. The 
present article seeks to develop the determination of the distribution 
constants directly from the Maxwell equations on a three-conductor line 
using the results of the evaluation of the errors from the data in G.A, 


Grinberg and B.E. Bonshtedt’s work *Bases of an accurate theory of the 


wave field in a transmission line* (Zh. tech. Fiz. XXIV, 1, p. 68, 1954) 


The analysis shows that, for a wave in an asymmetrical wave (O-channe!) 
when wp.< 10° ohm. m/sec, the errors in the calculations do not exceed 
ten per cent. Further development of the theory for waves propagat¢ 

along symmetrical channels (a-channel and «- channel) requires further 


elaboration. 


The conditions which arresters should satisfy for protection against 
overvoltages: &.L. Levinshtein and K.P. Kadomskaia. (pp. 9-14). 


In view of the impending conversion of 400 kV transmission to 500 kV and 
the relative reduction in the level of insulation, special protective 
measures are necessary against overvoltages. One such measure is the use 
of a special “discharger*. The authors consider the technical conditions 
which this “*discharger*® should satisfy on the basis of an investigation 
of internal overvoltages in the Votkinsk—Sverdlovsk transmission line. 
Air blow-out is favoured compared with magnetic blow-out in order to in- 
crease the speeds of recovery of the electric strength of the sparkgap. 
The carrying capacity of the working resistance of the discharger should 
be adequate for not less than two successive operations. Circuit-breakers 
with shunting resistances and dischargers with improved characteristics 
should be used. Circuit-breakers with resistances which shunt the con- 
tacts of the breakers when switching the line both on and off may also 
be necessary. 
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Determining the economic effect of connecting sew load areas to large 
power systems: D.S. Stepanov. (pp. 14-21). 


The period 1959-1965 should see rural] electrification completed. The 
article considers whether it is more economic to develop local power 
stations or supply the various farms and regions from the large national 
power grids. The author emphasises that each region must be considered 
separately but argues that local power supply is frequently advisable. 


Accounting for transient resistance at the point of a two-phase earth 
fault: P.K. Feist. (pp. 22-25). 


It is assumed in a complex equivalent network that the transient resist- 
ance between the faulted phases is divided into two equal] parts by the 
earth fault point which is common to both phases. This being improbable 
in practice, the transient resistances in the faulted phases will usually 

60 be different. A more precise statement of equivalent networks is made in 
the article with special reference to relay protection (distance pro- 
tection and differential-phase carrier protection in particular). An 
example of the calculations is given. 


Methods for determining perspective power consumption: 
A. Dumitresku, M. E’ lefteresku and Sh. Kovach, (Bucharest). (pp. 26-29). 


An analytical method is presented for determining the dynamics of total 
fuel and power consumption by summing the power consumption in the variou: 
branches of the national economy. Power consumption is here established 

on the basis of the dynamics of specific power consumption and the develop- 
ment of production in the branch of industry in quéstion. This method i 
linked with the system of Five Year Plans in a planned economy. 


An analytical wsethod for calculating the external characteristics 
of a.c. generators with permanent sagnet excitation: F.Galteev,(pp. 30-35). 


Whereas approximate graphical-analytical methods are usually employed for 
this purpose, the author proposes an accurate analytical method of cal- 
culating the external characteristics of a generator without the assist- 
ance of curves. The method is based on the determination of the analytical 
connexion of the parameters of the diagram of the rotor magnet with th 
parameters of the Blondel oscillator diagram and the introduction of on 
generalized equivalent circuit for generators with permanent magnet of 

any type. The method is also applicable to non-saturated generators and 
generators with a d.c. magnetized stator "back". An example of the ca! 
culation is given in the appendix. 
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Using a full wave sagnetic asplifier as the seasuring element for 
large direct currents in control systems: 0.N. Mel’ nikov. (Dp. 36-40). 


It is difficult to obtain currents proportional to the armature current 
power losses 


in motors with a power of several hundred kilovolts owing to 


when the shunt resistance is increased. The introduction of an amplifier 


link is therefore called for. Magnetic ampliers are safe and reliable 


but their operating speed is insufficient at the required amplification 


factors. Unfortunately the resistance of, for example, a machine 


pensation winding depends on the temperature of the motor. Here the in- 


ductance of the winding adversely affects the control system. The author 


advocates the use of a d.c. transformer. Since the power of the d.c. 
winding is practically infinitely large compared with the power taken 
off, the time constant is not over half the a.c. power. However, i! he 


metering scheme must be sensitive to the direction of current it is 


1) (ft 


necessary to use push-pull ull wave) magnetic amplifiers connected in 
a differential, bridge or transformer scheme. Here, use is made of d.c. 
displacement (bias) or feedback in the scheme. This and the usual scheme 


with a ‘split’ feedback is diagramatically represented together with a 


scheme with a total feedback. The difference in the currents is pro- 


portional to the busbar current in all the schemes. A study is made of 


these schemes from the point of view of power consumption, operating 


speed and linearity. 


Accounting for resonance phenowsena in the contact circuit with 
rectifier locosotives: V.N. Livshits and N.K. Matveeva. (pp. 41-45). 


Railway electrification in the U.S.S.R. is based on the use of a.c.curren 


of line frequency and the electric rectifier locomotive requiring n- 


sinusoidal current. Attention is therefore focussed on resonance phenomena 
in the contact network caused by the distributed capacitance between the 
elements of the power supply system. A study is made of the question of 
the distribution along the traction.network of the non-sinusoidal current 
of the load for the rectifier locomotive, based on the results of invest- 
igations carried out by a number of Russian specialists and the article 

by R. Jotten and H, Lebrecht in ETZ-A, 7, 1956. Here the rectifier in- 
stallation is regarded as a hypothetic generator of higher e.m.f. har- 
monics and the harmonic spectrum of the current in the traction sub- 
station is found by this method.-The present article supplements the work 
of Jotten and Lebrecht by extending it to a more general case when the 
locomotive is at any distance from the traction substation. 
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Impacts in sechanisss for pulse regulation of motor speeds: 
L.L. Rotkop. (pp. 52-53). 


The impact method of regulating the speed of motors is a highly valued 


method of control but there is a school of thought which considers that 


impacts are possible in the transmissions links from the motor to the 
executive mechanism if the normal state of operation of the drive is 
auto-oscillating. Investigations show that such impacts seldom arise in 
industrial drives and that the period of auto-variation of the speed of 

the motor about mean value consists of two parts — acceleration and creep- 
ing. A study is made of the conditions in which impacts occur in trans- 
missions and the author concludes that such impacts can arise in mechanisms 
if the moment of inertia applied to the motor shaft is large. 


Designing anode current dividers: V.M. Razin, I.P. Chochalin and 
V.A. Kochegurov. (pp. 54-57). 


large currents in converter installa- 


It is frequently necessary to produce 
tions by means of ionic control gear. Thyratrons and ignitrons in current 


production can only be used when several "valves" are connected in parallel. 


The use of anode current dividers ensures the stable operation of parallel 


connected valves. A study is made of a three-anode current divider. It is 


assumed that the voltage drop on the gas-discharge valve is within the 
range of permissible values of maximum current and is independent of the 
magnitude of the anode current. The active resistances of the divider 


winding and the power losses in the core are ignored. Likewise, the effect 
of the anode divider and the valve on the process in the main circuit and 
the dispersion of the magnetic field between the windings is disregarded. 


ignition of all the 


The authors consider how to ensure conditions for the 
valves and sufficiently regular distribution of the mean and amplitudinal 
values of the anode currents. The results of investigations into the 
parallel operation of valves with multi-core anode dividers in a single 


phase half-period rectifier with two-core anode dividers and split capa- 
citances during commutation of the discharge current of capacitors show 
that ignition did not fail during normal operation, 


Estimating the reliability with which electromagnetic msechanisas 
Ia.A. Rips. (pp. 37-62). 


operate: 


Reliability is defined as the probability of operation without failure in 


given conditions over a definite 


mechanisms are very reliable (roughly 0.999 to 0.9999) since hundreds and 


period of time. Modern electromagnetic 


sometimes thousands of devices have t appear in certain complex systems. 


the reliability of the operation of an electromagnetic relay 


practice be tested. The author proposes a method of estimating 


a 
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the reliability of electromagnetic mechanisms with the same accuracy on 
a comparatively small number of models without special experiments. The 
method is based on the distribution of the parameters A,» Bs» and Ba» 

which determine the position of a certain characteristic p (time, force, 
operating current of a relay) and the permissible limits within which it 


can be displaced, (B,, > Bp): These parameters can be regarded as chance 
(general case) magnitudes realizing one or another value in the device in 
question. 


Designing the circuit of a compound transistor: Iu.L. Kurkin and 
A.A. Sokolov. (pp. 62-64). 


Modern theory of active four-poles is widely used in various devices. 
various applications are more efficient when the devices are based on 


transistors. The compound (composite) transistor is most valuable. Here 


The 


the electrodes of several! triodes are directly connected. The amplifica- 
tion factor of the current is considerably increased in compound trans- 
istors and other parameters are also improved. As the number of triodes in 
compound connexions may be increased considerably in the near future, a 
study is made of the parameters and temperature stabilization of a com- 
pound transistor of n triodes. 


Geometrical dimensions and the electrical strenth of the insulation 
for sector-type conductors: V.P. Shevchenko- Vinogradov. (pp. 69-72). 


The use of “*sector-type* conductors (solid-drawn and multicore sealed 
cable conductors) instead of circular core conductors in three phase 
power cables of 1—10 kV with “*belt* insulation reduces the cross-section 
of the cable. The author discusses how to select the dimensions of sector 


type core-conductors in relation to phase insulation and the conductor 
sealing factor. 


Metal-paper power capacitors: V.T. Renne. (pp. 73-77). 


Here the foil plates are replaced by a thin layer of metal less than 1p 
thick applied directly onto paper. The author reviews foreign develop- 
ments in metal-paper power capacitors. In the U.S.S.R. metallized paper 
has been used in small radio capacitors for alternating voltage (type 
MBGCh) and certain experience has been gained in the production of these 
capacitors for msotor-cars. The author emphasises the considerable develop- 
went of alternating voltage and high direct voltage metal-paper capacitors 
in Western Europe and the advantages of stability to overvoltages and the 
saving in metal. He urges the development of this equipment in U.S.S.R. 
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Improving commutation in d.c. machines: N.S. Klimoy. (pp. 78-89). 


The design and dimensions of a d.c. machine are largely determined by the 
conditions for sparkless commutation. The causes of sparking on the lead- 
ing edge of the brush are considered but the author argues that sparking 
on the trailing edge is the main problem. The use of semi-conductor valve 
gear is advocated in connextion with the trailing edge of the collector- 
brush unit. These valves can be built into the body of the machine and 
cooled by the machine ventilation system. Tests on an experimental model 
are described and illustrated by oscillograms. 
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ELECTRICAL 330 k¥Y TRANSMISSION CHARACTERISTICS 
AND LONG .TERM PROSPECTS IN THE U.S.S.R. 


Iu.L. GRIUNTAL’ and A.N. SHERENTSIS 


Tep loelektroproekt 


(Received 27 April 1959) 


An analysis of the development of power systems in the U.S.S.R. has re- 
vealed the need to increase the carrying capacity of extra-high voltage 
transmission lines considerably, and in this respect, a decision to use 
500 kV long-distance transmissions instead of 400 kV has been taken. 1960 


The maximum length of 220 kV lines does not exceed 400 km, whereas 
electrical energy can be transmitted to a distance of up to 1,200 km by 
500 kV lines. The natural capacity of an electric transmission line, 
which represents its carrying capacity, at 220 kV amounts to 120 MW, and 
at 500 kV — 1000 MW. However, in practice it is often necessary to trans- 
mit such outputs to such distances, where a voltage of 220 kV proves to 
be quite insufficient and a voltage of 500 kV is still not justified by 
economical considerations. Therefore, after deciding to use a voltage of 
500 kV there arises the problem of introducing into the range of standard 
voltages one more voltage which is intermediate between -220 and 500 kV. 


In connection with what has been written in Teploelektroproekt an 
operation has been carried out to determine the advantages, the fields 
of application and the prospects of developing networks which have an 
intermediate voltage rating between 220 and 500 kV. As a result of an 
investigation of this problem 330 kV has been accepted as the voltage 
rating. 


In a number of cases in the distribution systems of heavy thermal con- 
densation power stations in industrial regions it will be necessary to 
transmit power from 300 to 1,000 MW in one direction to a distance of 
300— 500 km. As will be shown below, this problem can be most economic- 
ally solved by erecting one or two circuits of a 330 kV line. It will be 
possible to use a voltage of 330 kV as a maximum voltage rating in a 
series of power systems where a higher voltage rating will not be re- 


quired during the next decade. 


Elektrichestvo No. 9, 13-20, 1959. 


60 


Electrical 330 kV transmission characteristics 


The fundamental problems connected with the use of a voltage rating of 
330 kV in the Soviet Union are set forth in this article. 


Insulation standards 


Improvement of the protective characteristics of dischargers and re- 
sults of investigations for determining potential excess voltages in 
electric networks and insulation reserves enabled relatively low experi- 
mental voltages to be accepted in the selection of insulation standards 
of 330 kV apparatus. This provides the possibility of creating for 330 kV 
voltages such apparatus and transformers, which in dimensions and weight 
will be little different from modern 220 kV transformers and apparatus. 


In view of the considerable advances in the field of protective appa- 
ratus, co-ordination of the insulation of transformers and apparatus has 
been achieved only on the basis of discharger and insulation standard 
ratings, selected in accordance with the calculated values of internal 


excess voltages. 


Investigations performed in the Lenin All-Union Electrical Engineering 
Institute in connexion with the development of new constructions of dis- 
chargers for 500 kV electric transmissions [1 |, have shown that 330 kV 
magnetic valve dischargers, designed for protection against atmospheric 
excess voltages, can be made with the following characteristics: 


Continuously permissible voltage in discharger: 230 kV; 
Puncture voltage (at industrial frequency): 535 kV; 


Puncture voltage (with impulses) 750 kV; 


Residual voltage with a current of 10 kA, (max. ) 800 kV. 


With a growth of the voltage rating of electrical systems the potential 
of insulation overdischarges on lines when directly struck by lightning 
is reduced. Consequently the emergence in ultra-high voltage substations 
of waves of atmospheric excess voltages will be a rare phenomenon. In 
this respect when selecting insulation standards and determining the 
possibility of reducing experimental voltages for electric transmissions 
by a voltage of 330 kV and more the problem of internal excess voltages 
is the most important. 


When insulation standards of 330 kV apparatus are selected it is 
essential to allow for the possibility of temporary excess voltages emerg- 
ing in the transitional processes, which arise in fault conditions, and 
during operational switchings in the system. The likelihood of these forms 
of excess voltages emerging in 330 kV apparatus is comparatively great 
and from them in the first place the excess voltages arising when idle 
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lines are disconnected must be reckoned for. 


The ratings of circuit-breakers, the capacities of collector systems, 
lengths of lines and other factors, the influence of which can only be 
established by measurements in electrical networks, have a decisive in- 
fluence on the level _f excess voltages when idle lines are disconnectea. 
Such measurements on large scales have been carried out in the U.5.5.R., 
Seeden, U.S.A., France, Germany and other countries. The results of the 
measurements have shown | 2 |] that in networks with a large current which 
makes contact with earth the probability of excess voltages with a brevity 
of 3U. arising is insignificantly small. 


When no load lines have been disconnected by airblast circuit-breakers 
without sbunting resistances, excess voltages, as 4 rule, have not ex- 
ceeded 2.5l'.. Excess voltages equal to (2.6 - 2.7)U, have been recorded 
in isolated cases. When a circuit has been disconnected by air blast or 
oil circuit-breakers with low-resistance shunting resistances, excess 
voltages of more than 2.3. have not been recorded. 


The measurements mentioned have also shown that when no load trans- 
formers are disconnected excess voltages with an amplitude in excess of 
3!) are possible. However, they are so transitory that, as a result, 
their effects on insulation and valve dischargers are almost impulses of 
atmospheric excess voltages. Therefore the valve dischargers designed for 
protection against atmospheric excess voltages, possess a sufficient 


carrying capacity to safeguard insulation from temporary excess voltages 
which arise when no load transformers are disconnected. 


The calculated level of excess voltages for 330 kV apparatus was 
selected in such a way that the probability of internal excess voltages 
arising with an amplitude greater than that for which the insulation was 
calculated, was sufficiently small. 


As has already been noted above, the lengths of 330 kV lines will come 
within the limits of 300-500 km, which is rather more than the length 
of 220 kV lines. An operational test of 220 kV lines and also the results 
quoted above of experimental investigations show that the calculated 
level of internal excess voltages can be assumed to be equal to 2.5 U. 
with an operating time of 0.05 sec for 330 kV electric transmission lines 
working with a closed earth neutral conductor and circuit-breakers with 
a minimum number of repeat ignitions and valve dischargers. 


The basic experimental voltages for 330 kV transformers and apparatus 
which correspond to the ratings shown above of valve dischargers and the 
selected calculated brevity of internal excess voltages, are produced in 
Table 1. 
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TABLE 1. 


For internal For external 


insulation insulation 


Voltage of transformers of transformers 


and switchgear and switchgear 


Impulse 
experimental 
three-shock 
voltage with a 
full wave of 
1.5/40 psec, 

KV 

That with a 
chopped wave 

re 2 psec, KV 
One-minute 
experimental 
voltage of line 
frequency, kV. 


Experimenta! 
voltage of line 
frequency in 
rain with 
smooth left, 


N.B. 


For insulation 
between the 
contacts 

of disconnecting 
switches and the 
busbars of 


different systems 


1. The interval between the rated voltages and voltages permitted 


to work a long time in operation is assumed to be 5 per cent. 


The impulse experimental voltages of internal 


produced for transformers tested without internal 


insulation are 


excitation. 


The experimental voltage with a chopped wave is assumed to be 


15 per cent higher than with a full wave. 


On the basis of the data produced in this article it is possible to 
assume that the excess voltages possible in 330 kV electric transmission 
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will not exceed the calculated level of 2.5 U,, to which the experimental 
voltages, accepted for switchgear and transformers correspond. Therefore, 
the operation of lightning-protection magnetic-valve arresters, in which 
the breakdown-voltage of the spark gaps at line frequency is 2.5 U, + 7 
per cent, is extraordinarily rare in the presence of internal excess 
voltages. 


In the design of 330 kV lines longer than 500 km the possibility of 
excess voltages arising when the line is connected or disconnected and 
also of resonance-type excess voltages should be reckoned with. The 
maximum excess voltages in excess of 2.5 U,, will obtain in fault condi- 
tions associated with a break in transmission. Magnetic-valve dischargers, 
dependent on a continuous flow of current, and circuit-breakers with 
shunting resistances can be used in these cases for limiting internal ex- 
cess voltages to calculated values (2.5 U.,). Calculations have shown that 
the carrying capacity of dischargers for limiting internal excess voltages 
in 330 kV lines of a length in excess of 500 km must not be over 1 kA with 
an action time of 0.01 sec. 


Experimental types of a 500 kV magnetic-valve dischargers are being 
developed in the Lenin All-Union Electrical Engineering Institute with 
the following ratings |1 |: 


Continuously permissible voltage in discharger 


Breakdown voltage at a frequency of 50 c/s 


Residual voltage at a current of 1 kA 2. ps 


Carrying capacity during 0.01 sec. 1.5 KA. 


These dischargers with slightly simplified carrying capacity character- 
istics can be used for limiting the internal excess voltages in 330 kV 
electric transmission. 


Investigations have shown that, in contrast to lightning-protection 
arresters, in a discharger, designed for limiting internal excess volt- 
ages, the voltages, which are reducible after the associated current has 
been extinguished, can be about 10 per cent over the voltage which is 
established in a line after the transient process has been attenuated. 
Consequently, a magnetic-valve discharger with the ratings indicated 
above can be used in 330 kV electric transmissions, the forced voltage 
component of which does not exceed 1.45 U,. In the majority of calculated 
cases, the voltage established in 330 kV lines after the transient pro- 
cess has been attenuated, will be below the values at which the arc- 
extinguishing capacity of the discharger is sufficient. 


In conclusion, it is imperative to note that the possibility of further 
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reducing the experimental voltages of 330 kV electro-technical installa- 
tions will be limited by the operating conditions of the external insula- 
tion under the influence of the sustained operating voltage. 


Insulation of transmission lines 


Insulation levels and the number of elements in a string (of insula- 
tors) on 330 kV electric transmission lines are determined in relation 
to the calculated brevity of internal excess voltages, jyst as for trans- 
formers and switchgear. The suitability of a selected number of elements 
in a string is then checked against the required lightning-resistance of 
the line. When evaluating the theoretical duration of internal excess 
voltages for line insulation, it should be borne in mind that, after the 
string has overdischarged, its discharge ratings are reduced to a very 
small extent. As an operational test shows, this circumstance, as a rule, 
provides the opportunity of continuing the normal electricity supply to 
consumers after a successful automatic reclosure. In this respect there 
is no need, as has ‘een accepted up to now, to increase the durability of 
the line insulation in comparison with the external insulation of the 
substation as a precaution. 


The results of experimental investigations, when no load lines are 
disconnected, presented in this article show that the calculated brevities 
of internal excess voltages selected for 330 kV switchgear and trans- 
formers can also be accepted for line insulation. 


Numbers of different types of insulators recommended for 330 kV lines 
are shown in Table 2. 


In tension strings the wet-discharge gradient is 10-15 per cent higher 
than in supporting strings. This is explained by the fact that the 
electrical field of a tension string is more uniform. 


In this connexion, it is assumed that there is the same number of ele- 
ments both in the supporting and tension strings for 330 kV lines as for 
154 and 220 kV lines. 


TABLE 2. 


Type of insulator Structural height Number of insulators 
of insulator, mm in string 


140 
170 
204 
215 
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The results of calculations produced show that the number of elements 
in a string of insulators on 330 kV lines, selected according to the wet- 
discharge voltage of line frequency, in the most common soils (p —- = 
5 x 10°° Q.cm) ensure an exceptionally high level of resistance to 
lightning of the order of 220 kA without additional expenditure on the 
reinforcement of the line insulation. Therefore 330 kV line insulation 
does not produce special requirements according to conditions of lightning 
resistance with the exception of 330 kV lines on double-circuit towers 
40.5 m high. 


We have had no operational experience in our power systems of lines on 
towers higher than 30 m. The extent of such lines in the U.S.S.R. is not 
great and they have started to come into operation comparatively recently. 
Meanwhile operational experience of 330 kV lines constructed in the U.S.A. 
in 1954-55 on double-circuit towers 44.5 m high with a hexagonal arrange- 
ment of conductors, shows that the specific number of lightning discon- 
nexions of these lines is 30 times higher than the calculated quantity 
and amounts to 6.6 per 100 km per year. This can be explained by the large 
wave resistance of high towers and also by the fact that the probability 
of a lightning breach through the cable protection on high towers in- 


creases. 


At the present time this problem is being studied in detail. It has 
been established that the use of two cables decreases the number of 


lightning disconnexions on lines with high towers by 2-3 times. There- 
fore the self-supporting towers shown in Figs. 2 and 3, with a triangular 
and hexagonal arrangement of conductors, depend on the potential of the 
suspension support of the second cable. In addition, 330 kV lines must 

have an automatic reclosure device which will ensure continuous operation 
when there are lightning over-discharges, as a rule of a transitory nature. 


Corona losses 


The electrical field intensity on the surface of conductors, selected 
for an economic current density, for lines on a voltage of 220 kV and 
below, does not exceed 22 kV... /cm. Measurements and calculations show 
that with such volumes of electrical field intensity corona losses com- 
prise no more than 5 per cent of the losses in heating the conductors, 
and therefore corona losses have practically no influence on the choice 
of the section for conductors of lines with a voltage of up to 220 kV in- 


clusive. 


Conductors of ultra-high voltage lines, in particular 330 kV, selected 
according to a standardized current density, can prove to be unacceptable 
because of considerable peak losses, for which annual expenditure is so 
high, that an increase of the conductors cross-section would be 
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economically more favourable. In this connexion the minimum diameter of 
conductors of 330 kV lines when small outputs are transmitted along then, 
is determined in relation to the annual corona power losses which are 
acceptable on technical economic considerations. 


As is known, to estimate with accuracy annual corona losses for 
electric transmission lines is extremely difficult, since these losses 
depend to a great extent on meteorological conditivns. 


In a region of a local corona, annual losses are comparatively small 
and very little with the increase of the electrical field intensity. A 
sharp increase of losses commences with an initial electrical field in- 
tensity which corresponds to the general corona. Therefore the selection 
of the smallest permissible diameters of conductors should proceed, as a 
rule, from such values of intensity where general corona would no longer 
obtain. Results of investigations show [3], that electrical field in- 
tensities not exceeding 27-28 kV, /em can be accepted for 330 kV lines 
with single conductors in phases, and 25 kV,,,,/em for 330 kV lines with 
twin conductors in phase. With such intensities general corona and the 
sharp increase in power losses associated with it no longer obtain. 


For an estimate of the diameters of conductors which are the minimum 
permissible in corona conditions for 330 kV lines with various conductors, 
Table 3 shows the values of electrical field intensities and the approxi- 
mate average annual power losses which are obtained under the same original 
conditions. 


Power losses are determined by the method developed in the Academy of 
Sciences of the U.S.S.R. | 4] and given for meteorological conditions, 
obtaining in the Moscow area. 


TABLE 3. 


Type of Diameter of 
conductor conductor, intensity on extreme | annual losses of 


mm phases, KV cm capacity 


x 


(to circuit), kW/km 


ACO-480 


ACO-580 


2 ACO-330 


2 AC-240 
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The calculations are carried out on the condition that electric trans- 
gission operates at a voltage of 330 kV for a whole year. As has been 
noted above, the calculation of corona losses reduces the efficiency of 
330 kV electrical transmissions. Therefore a reduction of transmission 
voltage to 315 kV is recommended for decreasing corona losses in no load 
systems. At the same time, corona power losses are reduced by about 20 
per cent. 


The facts produced in Table 3 show that separating the conductors has 
little influence on reducing the losses. It is effective only in those 
cases when owing to its use it succeeds in changing from a general toa 
local region of corona when the total cross-section of the conductors 1s 
constant. 


Thus, separation of the conductors should be used for limiting the 
electrical field intensity to 28 kV... /cm. At the same time it Is 
necessary to bear in mind that a separation of the conductors leads to a 1960 
considerable reduction of the equivalent reactive resistance of an 
electrical transmission line by 25-35 per cent and to a similar increase 
in output capacity. When effective lines are converted to a voltage of 


330 kV it is possible to assume that the values of corona losses are 
greater than that indicated in Table 3, since this will be economically 


justified in a number of cases. 


The criterion for the selection of the minimum diameter of conductors 
for 330 kV distributing apparatus is the absence of general corona in 
dry weather, which leads to a sharp increase in radio interference and 
to a complication in the operation of the equipment. 


On the basis of the considerations stated above, it is recommended 
that up to two conductors in phase with a diameter of not less than 25 om 
should be used for 330 kV lines. The use of single conductors with a 
diameter of about 30 mm can also be permissible in certain cases, in 
particular in areas with a dry climate. 


Up to two conductors in phase with a diameter of not less than 29 mm 
gay be used for the conductors of open distributing apparatus, where the 
distance between the phases is less than on the lines. 


Basic ratings 


The loads on the towers and foundations of 330 kV lines increase in 
comparison with lines of lower voltage because of the opportunity of 
using separated conductors. Por this reason and also owing to the 
necessity of ensuring that requirements of reliability are fulfilled, it 
is imperative to develop measures for reducing the loads and producing 
economic tower constructions. As was shown in Table 2 when selecting 
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insulation standards, the insulating distances and the number of elements 
in a string of 330 kV lines are somewhat larger compared with 220 kV 
lines. This enables towers for 330 kV lines to be built, the basic in- 
dices of which differ little from the indices of towers of 220 kV lines 
with separated conductors. At the present time the following types of 
unified towers, which are also designed for 330 kV lines, are being de- 
veloped in Teploelektroproekt: (1) single-circuit gantry towers on stays; 
(2) single-circuit self-supporting towers with a triangular arrangement 
of conductors (Crimean type); (3) double-circuit self-supporting towers 
with a hexagonal arrangement of conductors (the "barrel" type of towers). 


£000 #6000 


|} 9000) 4000 | 


Then intermediate gantry double-column tower for 330 kV lines, which 
is shown in Fig. 1, has four stays which are attached to two anchor 
stays. Two cables with a protection angle of approximately 20° are pro- 
vided for protection against direct lightning strokes. This tower is more 
economical as far as the quantity of steel is concerned and is recommended 
for widespread use. The weight of the tower with stays excluding the 
foundation fittings consists of 4.4 tons, the volume of concrete on one 
foundation being 3.2 m. 

Since it is impossible to use towers with stays on sections of a route 


self-supporting intermediate 
2) 


where there is possible damage to the stays, 
towers are also provided for single-circuit 330 kV lines, (Fig. 


A comparison of the constructional and technical economic indices of 


single-circuit lines, which has been carried out in Teploelektroproekt 


has shown that from existing constructions of self-supporting towers it 
is most expedient to use single-column towers with a ‘triangular arrange- 
ment of conductors (Crimean type). Towers of this type with the corres- 
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ponding variation in the distance between the conductor are being de- 
signed for areas of all climatic conditions. The triangular arrangement 
of conductors enables protection to be made against direct lightning 
strikes with the aid of one cable with a protection angle of approxi- 
mately 30°. The weight of an intermediate tower without foundation 
fittings amounts to 5.9 tons, the volume of concrete on one foundation of 


such a tower being 4.5m. 


The stated indices for the towers shown in Figs. 1 and 2 are obtained 
for 330 kV lines with 2 x ACO-480 conductors in climatic areas I and II. 


The intermediate towers shown in Fig. 3 with a hexagonal arrangement 
of conductors (*barrel* type of towers) have the best technical economic 
indices of the double-circuit towers. Protection of lines with towers of 
this type against direct lightning strikes is achieved by one cable. The 
towers depend on the suspension support of 2 x ACO-330 conductors. The 
weight of an intermediate tower without foundation fittings in climatic 
areas I and II amounts to 6.9 tons, the volume of concrete on one found- 


ation being 4.3 m. 


Strings of small Pw-4.5 insulators can be 
used on 330 kV lines with separated 2 x ACO- 
330 conductors in climatic areas I and II. 
Single strings of P-8.5 insulators of double 
strings of P¥-4.5 insulators can be used on 
lines with 2 x ACO-330 conductors in area IV 
and on lines with 2 x ACO-480 conductors in 
all areas. 


6000 | 6000 = 


Technical economic indices and field 
of application 


A comparison of the costs of the basic 
elements of 220, 330 and 500 kV lines, power 


transformers and circuit-breakers is given 
34553 & in Figs. 4—6. The cost of 330 kV transform- 
one) ers and other equipment has been ascertained 
Fig. 3. in relation to experimental voltage by means 
of interpolation. 


The facts determined for the approximate comparison of 220, 330 and 
500 kV lines proceed from natural capacity and are produced in Table 4. 
The maximum lengths of lines are determined on the basis of technica] 
economic calculations, in which the efficiencies of the lines are assumed 


to be equal to 90 per cent. 
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TABLE 4. 


Voltage Carrying Max imum Cost of lines Amount of 

rating, capacity, length, in relative non-ferrous 

kV vw | km units metal, tons/km 


400 


1, 200 


The facts produced in Table 4 show that the rated voltage of 330 kV 
in comparison with a voltage of 220 kV ensures an increase in carrying 
capacity of lines to 360 MW, i.e. by three times compared with an in- 
crease in cost of 1.6 times. At the same time the use of such a 500 kV 
capacity for transmission would lead to a considerable increase in the 

use of non-ferrous metal and an increase in the cost of lines by 2.6 times 
accompanied by considerable underemployment of carrying capacity, since 
conductors with a section of not less than 3 x 480 mm* must be used to 
limit corona losses on 500 kV lines. 


160 


The facts produced in Table 5 on the specific prime cost and specific 
consumption of non-ferrous metals for 220, 330 and 500 kV lines affirms 
the technical economic expediency of using a voltage of 330 kV. Specific 
indices are determined from an economic current density of 1 A/mm* for 
the following sections: 220 kV — AC-400; 330 kV — 2 x ACO-330; 500 kV - 


3 x ACO-480. 


TABLE 5. 


Voltage rating, Specific prime Specific use of 
kV cost, roubles/kW*km aluminium, kg/kW*km 


500 0.4 9.6 


The information produced in Table 5 shows that the use of a higher 
voltage rating is expedient for every case, when the magnitude of trans- 
missible output ensures the economic loading of electric transmission 


lines. 
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The results of calculations undertaken have shown that the greatest 
saving in prime cost, which 330 kV lines can give, compared with 220 kV 
lines, is 11 per cent. However, such an economy may only be obtained with 
an especially favourable combination of transmissible output and range 
of transmission. On the average the saving amounts to about 7 per cent. 

In comparison with 500 kV lines the advantages are still more substantial, 
since the saving in prime cost in a given case can reach 30 per cent. 


400 


330 kV 


220kV 


1000’s roubles/ka 


Cost, 


100 
600 1000 1400 1800 


Overall gauge of conductor 


in phase, am 
FIG. 4. The relationship between the cost of constructing 
220, 330 and 500 kV lines and the overall! gauge 
of conductors in phase. 


1000’s roubles 


Cost, 


10 200 
Phase capacity MVA 


FIG. 5. The relationship between the cost of two-winding 
Single-phase 220, 330 and 500 kV transformers 
and their output. 


The saving in non-ferrous metal in comparison with 220 kV lines can 
amount to 30 per cent, and in comparison with 500 kV lines — up to 50 
per cent. Furthermore compared with 220 kV lines, 330 kV lines ensure a 
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tances, i.e. in a specific region. 


reduction of losses amounting to up to 30 per cent. 
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A voltage rating of 330 kV gives all these advantages where there if 
a specific combination of transmissible outputs and transmission dis- 
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FIG. 6, The relationship between the cost of circuit 
breaker elements and voltage. 
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FIG. 7. 
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The field of economic application of 330 kV voltage is shown in Fig.7. 
The limits of the field are set by the period of time taken to recover 
the additional initial expenditure required for lines of higher voltage. 
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In pursuance of the Regulations for the installation of electrical plant, 
this period is taken to be 10 years. 330 kV lines situated on the bound- 
ary between 220 and 330 kV lines are characterized in comparison with 
220 kV lines by larger initial expenditure and less annual expense on 
account of the smaller power losses. 330 kV lines situated between 330 
and 500 kV fields are characterized in comparison with 500 kV lines by 
less initial expenditure and greater annual expenses. 


The practical ranges for the economic use of 330 kV voltage is pro- 
duced in Table 6. 


TABLE 6. 


Capacity, MW 1, 000 450 1960 


Type of conductor 2 x ACO-330) ; 2 acO-480 | 2 x ACO-330| 2 x ACO-480 


Thus, a voltage of 330 kV is economically expedient for distances from 
200 to 600 km and for loads from 200 to 1,000 MW. With loads of less 
than 200 “Wa voltage of 220 kV is nearly always more economical, and 
with loads of 1,000 MW and more — a voltage of 500 kV. 


Long-term development 


The technical economic advantages of a 330 kV rated voltage have en- 
abled this voltage to be used for recently planned electric transmissions 
on a broad scale and 330 kV networks with an aggregate range of more than 
6,000 km will have been erected within five years (1959 — 1965). 


330 kV lines are being designed for power transmission from heavy-duty 
thermal and hydro-electric power stations to centres of consumption and 
also for the formation of power systems, in which this voltage will be 
the highest in the course of a continuous period. 


In the first place a voltage rating of 330 kV will be used in the 
Southern Single power system (of Russia), for which the high specific 
load density, the comparatively short length of electric transmission 
lines, (150-300 km) and the impediments to the routes are significant. 
In these conditions the construction of 330 kV lines on double-circuit 
towers, which have better technical economic indices and ensure opt imum 
utilization of routes, should be recommended. 


The most extreme power system in the South (of Russia) will be 


— 
Distance, km 200 | 600 
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connected with the power systems of the Northern Caucasus. It is planned 


that 330 kV lines will also be used for this connexion. 


In Transcaucasia 330 kV lines will be utilized for transmitting the 
power of the heavy-duty electric power stations and generation of the 
Combined power systems of Transcaucasia, into which the systems of 
Aberbaidzhan, Georgia and Armenia converge. 


The use of 330 kV lines is particularly effective in the Combined 
power system of the North-West. This system is characterized by the com- 
paratively large number of heavy loads, which are separated by suffi- 
ciently long distances from each other, and by a concentration of electric 
power generation into a small number of power stations. In these condi- 
tions a voltage of 220 kV would produce considerably inferior technical 
economic indices in relation to the necessity of providing at the same 
time a voltage in the basic double-circuit line, whereas a 330 kV volt- 
age with a sufficiently ramified network creates the possibility of 
erecting single-circuit lines which have the requisite carrying capacity 
and power transmission reliability. The use of a 500 kV voltage in this 
power system is not expedient, as the level of loads is not adequate to 
utilize the potentials of 500 kV networks fully. 


The 330 kV line power systems of Estonia and Latvia will be connected 
with the Leningrad power system. It is also planned to bring the power 
systems of Lithuania and White Russia together at a voltage of 330 kV. 
Furthermore it is proposed to use a voltage of 330 kV in the power system 
of Kazakhstan and in a number of other power systems of the U.S.S.R. 


Translated by J.F. Boyland 
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APPLICATION OF THE SUPERPOSITION PRINCIPLE 
TO THE STUDY OF ALTERNATING CURRENT 
MACHINES* 


I. TRESHCHEYV 
Leningrad 


(Received 5 May 1959) 


The study of transient processes in synchronous and asynchronous machines 
by means of the Gorev—Park equations meets with difficulties because it 
is essential to discover the roots of characteristic equations of high 
order and because of the awkwardness of the expressions. Mathematica] 
operations can .c considerably simplified if all the windings of the 
machine or some of them are looked upon as superconductors. Here it is 
advisable to use the principle of superposition. Each component of the 
currents (or of other quantities) is determined individually and a com- 
plete solution is obtained summing these components and allowing for 
attenuation. 


The principle of superposition can be used if the differential equa- 
tions are linear. This means that the parameters and running speed of the 
machine must be assumed constant. Nevertheless a large number of transient 
states which are encountered in practice, can be examined by this method. 
Symmetrical and asymmetrical short circuits in synchronous machines, 
voltage variations in generators connected to asynchronous motors and 
small oscillations in machines, etc. can be studied. The method is 
particularly valuable for studying the asymmetrical transient states of 
synchronous machines when a solution of equations with periodic coeffi- 
cients is required. Here a practically acceptable solution can be ob - 
tained only on condition that superconductivity of all the windings is 
assumed. 


When the machine is running at low speed, the method may not be used, 
since it produces intolerably great errors or a radical misrepresentation 
of the physical process. 


The complete absence of an account and grounds for these limitations 


* Elektrichestvo No. 9, 30—35, 1959. 
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in the references is apparently the reason why certain authors hardly 


use the stated method |1, 2, etc.], in spite of its great advantages. 
Other authors use it mainly in those cases when results of the calcula- 


tion can be verified comparatively easily, [3 — 5, etc.]. 


In this article the conditions of using the principle of superposition 
are substantiated, if all the windings of the machine or some of them are 
assumed to be superconductors, and also certain examples are produced. 


Case No. 1 ( it is assumed, that some of the windings of the machine 


are superconductors). Let us assume that a synchronous (or asynchronous) 


machine has n rotor windings. For simplicity, we shall assume that all 
the machine windings are symmetrical and the air-gap is uniform. 


The equilibrium voltage equations in the co-ordinate axes at a syn- 
chronous running speed, have the form[ 2,5]: for the stator- 


(p)= 6, (P)T, + PY, (P) (P) — PP, 03 
for the rotor 


yg (P) = (PIT, PY P) — (P) — P¥ 


(P) = (P) iq (P) P¥ 500, | 


Ob (PV PP na (P) 
SYnglP) — P¥aao, 


By substituting the components along to the axes d and q by generalized 
vectors and by expressing the flow connexions as currents, we obtain the 
determinant of the system: 


(p-+-js rye tlP +is (P+IS)% 


The characteristic equation will be: 


\= 0. (3) 


The equation has an n+ 1 order and its solution presents difficulties. 
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It is evident from expressions (2) and (3), that the roots in the 
equation are connected only across the winding resistances. Assume that 
all the windings are superconductors, i.e. = Fee 0. 


Then the general multipliers (p + j/)(p=js)" can be withdrawn after 
the sign of the determinant, and the roots of the equation will be pro- 


duced, 


Let us establish which windings and under which conditions one can 
consider as superconductors. Using expressions (2) and (3), find that the 
approximate values of the roots, assuming that all the coils are super- 


conductors: 


jo; 
js; 


P, — js. 


For systems described by linear equations with fixed coefficients, the 
assuming resistance, take the form: 


roots, 


p,=— a, —j (w, — de,,); 
j(s Aw,,); (4) 


P, = — 4, — (s+ 4e,,), 


where a,, @,, +++» @, are attenuation factors; 


represent frequency variation of components on 
account of the influence of active winding re- 
sistances. 


For normal machines at a high running speed (w, = 1) the attenuation 
factors do not exceed the values 0.1 — 0.2, and \o, is close to zero. 


Let us represent the determinant of system (2) in the form of multi- 
pliers: 


4 =(p+jo,)(p+is)"4,, (5) 


rs 


* 
| 
| 
i 
| 
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The initial value of the transient component depends on the derived 
determinant of the system d\/dp with a given root. Take, for example, 
the root p, = - a, — j(w.- Aw_,), which is determined mainly by the 
Parameters of the stator taking into consideration the influences of the 
remaining windings and find the quantity entering the determinant: 


= 


Apart from this 


1960 


Pi t I®, 
since a, and \o@., are small. 


One may come to the conclusion that if the components (*connected" 
with the stator) are determined by the root P,, then it is admissible to 
disregard the resistance of the rotor windings, but the resistance of the 
stator must be taken into consideration. Conversely, when determining the 
components “*connected" with the rotor coils, using the roots Pos Par «+e 
Pp,» it is quite admissible to disregard the active resistance of the 
stator, but the active resistances of the rotor windings must be taken 
into consideration. 


This conclusion is true if the running speed of the machine is high 
(s << 1) and the resistance of the windings in comparison with total in- 
ductance at line frequency is a small percentage << 
rin << *,,), which takes place in normal synchronous and asynchronous 
machines. Transient states with short circuits, sudden variation of the 
load of the generator, small oscillations of machines and other systems 
described by differential equations with fixed coefficients are included 


in the conclusion. 


The regularity that has been stated may be explained by the fact that 
when the machine is at a high running speed, the e.m.f. of rotation and 
not the transformer e.m.f. plays the decisive role. 


If the coils are static one compared with another, then between them 
there will only be a transformer connexion, the influence of which de- 
pends to a considerable degree on the time constants of the windings in 
transient states. The time constant of an excitation winding is usually 
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considerably greater than the time constant of a damper winding. This 
circumstance also facilitates the calculation of short circuit states, 
load variations and a number of other similar conditions. 


Case No. 2? (it is assumed that all the windings of the machine are 
superconductors). In a number of cases, for instance, in the study of 
asymmetrical short circuits of synchronous machines, the calculation of 
resistance of even just one winding leads to differential equations with 
periodic coefficients. In order to determine the initial values of the 
currents it is expedient in this case to assume that all the windings ar: 
superconductors, although the errors at the same time are known to be 
greater than in the previous case. 


We shall assume that the operating conditions of the machine varied 
owing to the short circuit in the terminals of the stator or the sharp 
increase in the load. Furthermore, from the equations of system (1) for 
the increases of the general vectors one may obtain: 


Au(p) Ai (p)r.+(p +-jw,) Ay, (p), (7 


from which we shall find that: 


Au (p) bi, (p) 
p) <2 


The current A ;(P) can be represented in the form: 


where lk is the vector of the initial transient current for the root 


We shall assume that a two-phase short circuit takes place in the 
machine with a symmetrical rotor, i.e. 


where U, = 


By substituting (9) in (8) allowing for the values of p, in the given 
state, after simplification we shall find that: 


Furthermore, for normal machines r f(t) < (0.05- 0.10). 


By assuming that r. = 0 in (8), we shall obtain expression (10), i 
which, however, e~?5* = 1, and the term r f(t) will be absent. 


1 
} n 
Ai (p) re ‘sk 
k=l 
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The last term in expression (8) will be: 


lje 


efter f(t) (11) 


If expression (11) is added to expression (10), which is taken with 
east = 1 and r f(t) = 0, then it can be established, that the active 
resistance of the stator r. in normal machines has little influence on 
the size of the flow connexion Av .. However the attenuation connected 
with this resistance must be taken into consideration. 


It is possible to show by analysing the solution of the original equa- 
tions that it is impossible to disregard the resistance of the rotor in 
the asynchronous operation of a machine, since at the same time the 
transient components of the rotor and stator, which are determined by the 
parameters of the rotor when the stator is closed, will be eliminated. 
While the running speed is synchronous (or nearly synchronous) these com- 
ponents will not depend very much on the resistance of the rotor and may 
be disregarded. That which has been stated is explained by the fact that 
in the asynchronous operation of a machine the influence of the e.m.f. of 
rotation in the rotor circuit is substantial and the active and inductive 
resistances when there is little sliding, prove to be totally commensurate. 


If the voltage in the excitation winding varies, then it is impossible 
to disregard its resistance. This follows from the fact that the varia- 
tion of the steady current in the excitation winding is determined by the 
variation of voltage in its terminals and the magnitude of the active re- 
sistance in the winding. The stated proposition can also be substantiated 
by analysing the solution of the initial equations. 


Consequently the principle of superposition, on the assumption that 
there is superconductivity in only some of the windings of the machines, 
may be used without extensive errors for systems described by linear 
equations, if: (a) the running speed of the machine is high, i.e. when 
@ = 1; (b) the resistances of the winding are considerably less (if they 
amount to a small percentage) than their total inductance at line 
frequency, which usually takes place in normal machines; (c) the com- 
ponents (*connected* with the stator) are determined by the root p,. At 
the same time the rotor windings are taken as superconductors. If the 
components (*connected* with the windings of the rotor) are determined by 
the roots P,, Py, «++» Pa» then the stator winding is taken as a super- 
conductor. 


When there are two or more rotor windings in short circuit states in 
the presence of load variation, it is possible to make an additional 
simplification, if the time constants of these windings are extremely 
different in volume. 
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The assumption about the simultaneous superconductivity of all the 
windings of the machine, including the excitation winding, may be 
accepted, providing the following additional conditions are fulfilled 
apart from those already mentioned: (a) the running speed of the machine 
is equal to the asynchronous speed or nearly; (b) the voltage in the 
excitation winding is constant; (c) attenuation of the transient com- 
ponents with corresponding coefficients must be taken into consideration. 


Consequently, it is impossible, on the assumption that there is super- 
conductivity of the excitation winding, to consider transient states in 
asynchronous machine operation, forces excitation and so forth. 


For machines with an asymmetrical rotor, the conditions produced above 
are absolutely maintained but give results with rather great errors. These 
conditions are also confirmed in many actual examples of the analysis of 
transient processes in synchronous and asynchronous machines. 


Examples of the application of the principle of superposition are 


produced below. 


A two-phase short circuit 


Let us suppose that a synchronous generator with a damper winding and 
an asymmetrical rotor operated before the short circuit in a no load 
system. 


When the short circuit arises between the phases 6 and c the phase 
currents will be equal: 


(12) 


Express the line voltage u,. by the longitudinal an transverse com- 


ponents uy 


cos ), (13) 
where @ is the rotation angle of the rotor. 
Similarly the flow connxion will be: 
$,.=V 3p, sind + cos 9). (14) 


Using conditions (12), find the longitudinal and transverse components 
of the currents ty and 1 


q i, sin 4, 


i,= —t || 
| 
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In the presence of a closed two-phase short circuit 


(16) 


Taking into account the voltage equilibrium equation along the axes d 
and « as well as expressions (13) and (16), we obtain: 


}sin'- 
j 


cos 4 
at 


tr. (i, sin§-+-i 


If (14) and (15) are taken into account and it is accepted that 
dt w, then we find from (17) that: 


(18) 


1960 


Equations (17) and (18) relative to currents are equations with periodic 
s 


coefficients and their solution is difficult. 


Suppose that all the machine windings are superconductors and that the 
conditions stated above are fulfilled, and in addition, that w = 1. If 
the process of reasoning described in [3 and 5! is used here, then, since 
the windings are taken as superconductors, we shall discover from (18) 
and (14) when r, = 0 and x,(p) x (p) = the super-transient 
current of the stator 


nh 
sin 6, 


(19) 


sin*U-+ 


Expand expression (19) into a Fourier series and isolate the basic 


harmonic: 


(20) 


where x, = \ ts te is the inductance of the reverse (negative) series. 


We shall find the aperiodic component correct to the second harmonic 


1+ x 
2X, x 


cos 26 
d 


+ Xe 


When the transient and steady currents are determined, the very same 
equations should be used, but x {P) and x (p) should be assumed equal to 
the transient or steady values respectively for an increase of the 


d+, 
(u, sin cos 9) 5 
d 
+| + 
j==0 
sind 
— 
| 
Xe + Xs 
9) 


6U 
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currents. Here the flow connexion of the stator should be adjusted to 
zero. When expanding x. into a series it is necessary to make the same 

connexion in so far as the flow connxion remains almost constant in the 
transient and steady states. 


If to carry out these calculations the corresponding attenuation 
factors are introduced and it is assumed that 6 = 7/2+a+t, 6, = #/2+a, 
then we shall obtain known expressions for the currents of the stator and 

rotor respectively: 


i=—y3E,| 


(X4 + — Xq) 42 


X,)i cos(a-+-f). 


The oscillograms of the currents of the stator : and the rotor t,, in 
the presence of a two-phase short circuit in the generator with an output 
of 28.2 kVA are represented in Fig. 1. Current curves plotted according 
to formulae (22) and (23) are shown in Fig. 2. From a comparison of the 
appropriate curves it is apparent that they conform satisfactorily, 
despite the relatively small output of the generator and the comparativ- 
ely great active resistance of its windings. 


The saxisus torques of an asynchronous sotor 
when it is switched to another source of supply 


When there is a momentary interruption in supply to asynchronous motors, 
switching them from one source to another can cause large ‘splashes’ of 


| 
*4 + Xs 
a2 
— e + 
Xat Ag T 
t 
T 
+l é cos (a+-/) — 
\ +X, t Xs 
/ 
j 
; 2X, 7 ile COS £(a f) (<<) 
Ky + Xs 
i - 
2 + * 
x x ) 
*d d , 
Kat V3 
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currents and momentary mechanical forces, which are several times greater 
than forces in a normal system. These effects are linked with the pre- 
sence of a residual attenuating flow on the rotor, which induces an e.n. f. 
in the Stator. The momentary mechanical forces will depend on the 


Le 
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1. Oscillograms of the stator and rotor currents with a 
two phase short circuit on a synchronous generator 
with an output of 28.2 kVA. 


magnitude and phase of this e.m.f. relative to the line voltage. The 
effect of a momentary interruption in supply will be ascertained mainly 
by the duration of the interruption and by the slip of the motor s. When 
switching to another source of supply which is not synchronized with the 
first source, the phase difference between the voltages of both sources 
is substantial. 


Using the equations of system (1) or (13) which are produced in [7] 
in operator form, and assuming that the rotor has one short-circuited 
winding, we obtain the determinant of the system: 


(p-+is)x,, r,t+(pt+is)x 


If we study the processes where w. = 1, then where r. 
the principle of superposition can be fully used. 


(24) 


We shall find from (24) that: 
where r.* 0 


+e, +is); 


(,=0 w= 28° 
i 
S264 
iz0 | 
“be 
002 sec 
\ Up =O ‘ 
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FIG. 
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where r, = 0 
=x) x,(p+is)(p+a,+)). 


Having utilised the expansion theorem, the currents and then the flow 


connexions can be determined. Here it is easy to demonstrate that the 
results, as far as accuracy is concerned, are almost the same as those 


in a usual solution, but considerably simpler. 


t 


O 002 204 sec 


FIG. 2. Calculated current curves in the presence of a two phase 
short circuit (a = 18°) on a synchronous generator with an 


output of 28.2 kVA; 380 V; 43 A; 1500 r.p.m. (x4 = 1; 


AS = 0.18; xy = 0.13; «” = 0.34; Tyo = 1-12 sec; 


T= 0.20 sec; Ty = 0.029 sec; T, = 0.02 sec; 


As a result of conversions and the usual simplifications for normal 
motors, we obtain the formula for the torque: 


M=M,+M,, 


In the last expression for normal operating conditions 


(25) 
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475 
| AL 
pala bala] Visec 
BSAA | 
-4 ( 

4 

2 | rh ' 
| 
| 
‘ 


The superposition principle in the study of a.c. machines 


sin(a+ t)] + 


+e (a, sin st + 
w s* 


r 
a, + 


{a +a jf a’ 


+e 


a 

r 
[s cos wf - 
w (a,"+ 5*) 


a, sin wf — ks cos(a wt) + ka’ sin(a -+- wt)] 


(a’+a’)t 


—ke * [sin(a—wt)+- ksinof]), (26) 


where k = e @r'd ; 


ty is the duration of interruption in supply; 
a- st = rotation angle of e.m.f. vector. 


If it is assumed that 
(a, a,) a, 


5%) 


then from (26) we shall obtain: 
2 

M, = [sina —sint +sin(t —a)}. (27) 
x 


The conditions of the maximum M. will be: 


Consequently, the maximum value M, is arrived at on condition that 
when there is a subconnexion to the source of supply the voltage and re- 
sidual e.m.f. are out of phase by about 60°; here 


(29) 


M,= M,; 
1960 
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For a single bank of motors where u’/x? = (4.9-—3.1), we obtain: 


M (14,7 —10,1)M 


ma x norm, 


As is apparent, without allowing for attenuation and saturation the 
maximum torques are large. In fact, especially because of attenuation, 
they are considerably reudced and conditions (28) will be different. The 
maximum torques should be anticipated when a switching is made to another 
source, which is not synchronized with the first. 


The table shows the values of M,.., which are calculated according to 


formula (26) for this case when the time of interruption of supply ty= 
0.05 sec. 


Ms.max/Mnorm 


Type of :. n | Mma x 


| J, | J, 
1} - 
| Js | Js 


The forces on the shaft of the motor and details of the vibration of 
the steel of the rotor will be determined by the torque M. eax* If the 
elastic vibrations of the motor’s shaft are disregarded, then 

M, max J,’ 
where J, and J, are the moments of inertia of the driving gear and the 
rotor of the motor. 


The values of 


; for the different values of J,/ J, are also 
produced in the table. 


Translated by J.F. Boyland 
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TABLE A. 
rm J; 
A-52-2 10 | 2890 466i 32.3 3.5 3.8 
3 492-4 oo | 140] 74 | 3:7 | 56 | 6. 
M ~-§2/2 50 | 2965 6.4 3,2 48 | 53 
M. ©32-63/4 15.5 | 1460 | | 5.4 | 6.0 
. 
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CONTROLLED NON-LINEAR SEMI-CONDUCTOR RESJSTANCES* 
V.V. PASYNKOV and G.A. SAVEL’ YEV 
Lenin Institute of Electrical Engineering, Leningrad 


(Received 12 December 1958) 


Non-linear semi-conductor resistances (NSR, varistors) constitute a new 
independent trend in the modern technique of semi-conductors. High- 
voltage carborundum resistances (thyrite, vylite) have already been used 
for many years for protecting apparatus and transmission lines against 
overvoltages [1,2]. Low voltage varistors find many varied applications 
in automation and telemechanics, in computing devices, in the construct- 
ion of apparatus and communication engineering [3-7 ]. 


Investigations of properties of semi-conductor resistances have shown 
that the possibility exists of controlling their parameters. Fig. 1 shows 
the volt—ampere characteristic and the external dimensions of one type 
of a non-linear semi-conductor resistance. The coefficient of the non- 
linearity of resistance is equal to: 


(1) 


where 0 and FR are the conductance and resistance of a varistor; 


on and Rp are the differential conductance and resistance. 


For resistances with a linear characteristic this ratio is equal to 
one, and for the non-linear volt-—ampere characteristics shown in Fig. 1, 
it is greater than one. 


Coefficient of non-linearity, 8, will be constant if the volt — ampere 
characteristic satisfies the equation: 


I= B.U* (2) 


However this is not observed in practice, and this expression is used 
as an approximation. 


* Elektrichestvo No. 9, 72— 73, 1959. 
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“0 


FIG. 1. Volt-—ampere characteristic and contruction of non-linear 
semi-conductor resistor (NSR). 
D— Disk resistance body; £ — electrode; L — leads. 


PIG. 2. Diagram for controlling an a.c. circuit by means of 
a constant voltage on the non-linear semi-conductor resistor. 


The coefficient of non-linearity, according to the range of voltages, 
material used and technological methods of fabrication, may assume values 
from 1 to 10. Por any arbitrary volt-ampere characteristic, the varistor 
resistance for a direct current and for comparatively small values of 
a.c., at any operating point will differ by a factor f. 


If we simultaneously apply direct and alternating voltages (Pig. 2) 
to a non-linear semi-conductor resistance and vary the magnitude of the 
d.c. voltage, we may shift the operating point from position 1 to position 
2 (Pig. 1) and obtain by this a substantial change in the magnitude of 
resistance to a.c. Within the limits of accuracy of the graphical method, 
the following data are obtained from Fig. 1, which are tabulated below. 


480 
L 
L 
& 
6 30 Y 
20 
20 
1960 
(7) 
| Un 
| |NSR 


160 


Controlled non-linear semi-conductor resistances 


Number of 


points on 


curve 


2 


—— 


In practice we have succeeded, by controlling a two-watt electro- 
dynamic loudspeaker (7 in Pig. 2), to vary the sound loudness 15 times 
for a frequency of 1000 c/s. 


i i i Uv; 
20 40 60 Vv 


FIG. 4. Connexion between U and 
U. for increasing the coeffi- 


cient of resistance 


non-linearity. 


FIG. 3. Diagram and vo)lt-ampere 
characteristics of a controlled 


non-linear semi-conductor 
resistance (CNSR). 
U-—the basic circuit voltage; 
U.- voltage of the transverse FIG. 5. Non-linear resistance with 
controlling electrodes. a few controlling electrodes. 


A still more interesting effect in controlling the parameters of semi- 
conductor resistances may be obtained by superimposing on them an addi- 
tional controlling transverse voltage U., as shown on the diagram in 


481 
TABLE 1. 
R Rp 
R/Rp = B | R,/R, Rp, 
; 1 3.0 | 8 3.75 
10.4 11.4 
| 2.9 | 0.7 4.15 , 
- y 
aA 160 
> 
4 
/ 
24 / 
18 / 
| 
06 . 
20 |_| 60 


482 Controlled non-linear semi-conductor resistances 


Pig. 3. 


Fig. 3 also shows the volt-—ampere characteristics of a controlled non- 
linear semi-conductor resistance (CNSR); curve 1 was obtained for U. = 0, 
and curves 2 and 3 were obtained for U. equal to 100 and 200 V respectiv- 
ely. With the increase of the control voltage, currents in the resistance 
increase, but the non-linearity of the characteristic decreases, and for 
U. = 200 V the characteristic becomes practically a straight line. 


The phenomenon occurs in a different way if the values of the basic 
and control voltages increase with time, as shown in Fig. 4. The volt— 
ampere characteristic obtained in this case is shown by a dotted line in 
Fig. 3 (curve 4). Thus, we may have both a decrease and increase in the 
non-linearity of the CNSR. 


By connecting to the controlled non-linear semi-conductor resistance 
a few paired connecting electrodes (Fig. 5), we may obtain a current in 
the basic circuit, which is a function of several variables. Hence it 
follows that the response of a CNSR in electric field is analogous to the 
response of ferrites in a magnetic field or of operation of electron tubes 


Translated by S. Szymanski 
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DETERMINATION OF THE 50 PER CENT PULSE 
DISCHARGE VOLTAGE* 


B.M. RIABOV 
Kalinin Institute of Technology, Leningrad 


(Received 30 March 1959) 


The insulation properties of an object relative to pulse voltages have 
beén sufficiently well characterized by a family of volt—second character- 
istics [1]. But the obtaining of such characteristics is connected with 
very laborious experiments and calculations. Moreover, the region of volt- 
ages, for which the probability of the discharge occurrence is less than 
one, has hitherto hardly been studied, and the plotting for that region 

of volt-second characteristics is very conventional. Probably the absence 
at present of unified volt—second characteristics for the insulation de- 
sign of industrial installations may be explained by this fact. 


In the Soviet Union the values of the minimum pulse discharge voltage 
and of the discharge voltage for a predischarge time equal to 2-3 yw sec 
are used as the pulse characteristics. But, since the first characteristic 
is undetermined both from the point of view of the method of its deriva- 
tion and of its practical utilization, therefore the individual elements 
of the insulation for the high voltage installations are often character- 
ized by the 50 per cent pulse discharge voltage which is sometimes called 
the minimum 50 per cent voltage [2]. Its definition may be formulated in 
the following way: 


"The 50 per cent pulse discharge voltage is the conventional amplitude 
of that pulse voltage for which, in normal atmospheric conditions, the 
probability of the occurrence of discharge on an object is equal to 50 
per cent". 


In the last draft of the *Rules for the technique of the high-voltage 
testing" | Technical Committee No. 42 MEK, February 1958 ], it is re- 
commended, in measuring the 50 per cent pulse discharge voltage, to raise 
the pulse generator voltage to such a value for which four to six dis- 
charges occur on the object for ten consecutive pulses. 


* Electrichestvo No. 9, 84— 88, 1959. 
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This MEK instruction puts an end to the arbitrariness in measuring the 
50 per cent pulse discharge voltage. However, it does not give the possi- 
bility of estimating the error of measurement. Baumann [3 ] recommends 
the determination of the 50 per cent pulse discharge voltage on the basis 
of a total set of 100 pulses divided into four measuring steps (25 pulses 
each). In this method of measurement, the statistical error for samples 
with a non-uniform field does not exceed + 1 per cent in air, and for 
samples in oil, + 3 per cent. 


Statistical regularity of the pulse discharge has beer discussed in 
detail in several publications|1,4,5 |. However, in these works the in- 
vestigation was mainly concerned witi: the predischarge time and construct- 
ion of the volt-second characteristics, i.e. the investigations were re- 
lated to the region of voltages greatly exceeding the 50 per cent pulse 
discharge voltage. 


Lewis [6 ] and Hancax |7] give a general method for calculating the 
statistical error for an experimental determination of the discharge pro- 
bability for a given voltage or of the discharge voltage for a given dis- 
charge probability. However, even here actual indications are absent for 
an experimental determination of the 50 per cent pulse discharge voltage 
or of the other pulse characteristics. 


In this article a method of calculation is given for determination of 
the necessary number of pulses to be applied to the object tested in order 
to find out the 50 per cent pulse voltage with a desired accuracy. 


Determination of the necessary number of pulses 


Let us assume that the probability p(U) of the occurrence of a dis- 
charge on an object for the pulse voltage of amplitude U is known. 


Applying the binominal distribution formula [8 and 9], we may calcu- 
late the probability mn of occurrence of m discharges out of the total 
number n of the pulses of the amplitude U applied to the object, if for 
this amplitude, in the case of a single pulse, there corresponds the pro- 
bability of the occurrence of a discharge: 


n! m_(n—m) (1) 


q 


m!(n — m)! P 
where q= 1 — p. 


When n is large, calculating the probability ne by this formula is 
difficult and inconvenient. 


In this case we may determine this probability with a sufficient 
accuracy by an approximate formula: 


= 


The 50 per cent pulse discharge voltage 


The value of z, is chosen from tables [8] for 


m—np_ m—np (5) 
% V npq 
Bernstein [10 ] shows that the use of equation 2 is possible for cases 
when npq is not less than 12-15. 
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Probability ym of frequency a is at the same time also the probability 
of the relative frequency of discharges p” = m/n|9 and 10 }. Then, for 
a given voltage U, the probability that the relative frequency p will not 
differ from the probability of the occurrence of a discharge in the case 
of a single pulse by a quantity not exceeding 


Pa 
e xaxy 


is equal to: 


Dix)=——= \e ~ dx. 
D (7) 
The last statement may be formulated in the following way: with reli- 
ability equal to ®(x) we may assume that 


(8) 


In the problem considered, the probability p of the occurrence of a 
discharge on an object does not remain constant, but increases according 
to a certain curve from zero to units with the increase, within definite 
limits, of the amplitude value of the pulse voltage. This variation of 
probability p with U is shown in Pig. 1. 


For a constant number of the test pulses and for a constant reliability 
(x), the value of « will vary with the variation of U, since in this 
case the product pq varies. However, this variation is comparatively smal] 
and is not isportant since we consider the region near to p 0.5. There- 
fore, we shall assume in further discussion that « is independent of U. 
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Moreover, we shall also assume that p is a linear function of U in the 
considered interval. Thus, under the new conditions, the relationships 
which interest us and which are shown in Fig. 2, are straight lines. 


These assumptions considerably simplify the calculation of the number 
n of necessary test pulses and the determination of the limiting values 
of the relative frequencies of discharges in dependence on the error of 
measurement of the pulse voltage. 


FIG. 1. Dependence of the dis- FIG. 2, Determination of the ex- 
charge probability on voltage treme values of the discharge 
and on the limits of the relative frequency of discharges 
probable relative frequency as a function of the error of 
of discharges. the voltage measurement. 


For the voltage U. 5, when the object is tested by n pulses, a relative 
frequency p° = m/n may appear with reliability (x), this frequency being 
not smaller than p’.,. = p<. = « and not greater than P’max = Pso + €+ 
However, the extreme values of p” are also possible for voltages from 
U, to U,. for the lower extreme value, and from U.. to U, for the upper 


i 
extreme value. 


50 


Thus, values of p’.,. and rom of the relative frequency of discharges 
p’ chosen for the test ensure, with an expectation M(x), that the 50 per 
cent pulse discharge voltage lies within the limits from U, to U,,. 


Let us now suppose that, according to the assumed extreme values of 
p*, we obtain from the tests a relative frequency m/n= p.,. for the 
measured voltage U", which can have values between U, and U.. only. Since 
in this experiment the error of the voltage measurements is equal to 
+AU, we may assume that the 50 per cent pulse discharge voltage is con- 
tained within the limits U’ +AU, 


If we choose « in such a way that the voltage intervals from U, to U,, 
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and from U.. to U, would not exceed the error Al of the voltage measure- 
ment, then we may consider that the 50 per cent pulse discharge voltage 
is contained within the limits Ul” + AU. 


In this case, for another extreme value of the relative frequency 
n/n =p’... obtained at a voltage l/”, we may assert that the 50 per cent 
pulse discharge voltage is contained within the limits U” + AU. 


For any other arbitrary value of the relative frequency contained 
between p’_.. and p’. and obtained at a certain voltage U, we may also 
assert with the expectation (x) that the 50 per cent pulse discharge 
voltage is contained within the limits Us AU, 


Thus, the problem is reduced to the determination of the extreme values 
p* and p’.. of the relative frequency of discharges. These limits can 
be found on the basis of the error Al’ of the voltage measurement and the 


rate of change of p’ in relation to U, 
1960 


The extreme values of p” enable us to determine further the necessary 
number of test pulses on the basis of relationship (6) for a chosen value 
of expectation 


From Fig. 2 we see that 


Consequently: 


Here, and in the further discussion, U, - U. or (U, - U./U.,) are 


auxiliary quantities characterizing the rate of change of p(U) for U. . 


On the other hand, from formula 6, for p= /2, it follows that 


(11) 


After substitution of the value of « from formula 9 into equation 11, 
we get 
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x ( (12) 
In order to calculate n, Fa and Paine it is necessary to know the 
the above-mentioned auxiliary quantities U. - U. or U, - U,/U.,. 100 


per cent. They vary little for identical objects. As a first approxima- 
tion we may classify all objects as being either with a sharply non- 
uniform electric field or with a uniform field. 


For determination of U. ~ U, in the former case we may use the data 
of the Committee report No. 8 MEK [11]. For the gaps, rod-rod and rod 
plane, an average value of the Standard deviation (root mean square de- 
viations) Ss, for all measurements given in the report is equal to 3.4 per 
cent. Since the inclination of the tangent to p(U) at the point p(U) = 
0.5 differs only little from the inclination of the straight line drawn 


60 through the points p(U) = 0.16 and p(U) = 0.84, at which the deviation of 
‘ U from U.. is equal to S., then, by a simple geometric construction, we 
can easily find the value U’. ~ U./U.. « 100 = 10 per cent. 


In measuring by means of a cathode ray oscillograph the amplitude 


value of the pulse voltage with a predischarge time 1.5 — 2.0 yu sec, we 
May assume that the error of measurement is equal to 3.0 percent [11 ]. 
Hence: 


Al 
100 3,0°/¢. 


For a chosen value of the expectation M(x) = 0.95, the value of x from 
the probability table is found equal to 1.96. 


Now making use of equation 12 we may determine the necessary number of 
test pulses: 


Using equations 10 we find that nin = 0.35; = 0.65. Consequently, 
Rin = MP nj, = 15, and Mo, = Mp’... = 27. Thus, in determining the 50 

per cent pulse discharge voltage for an object with a non-uniform field 

in air, we have to choose the amplitude value of the pulse discharge in 
Such a way, that, for 42 pulses applied to the object, a discharge should 
occur for not less than 15 pulses and for not more than 27. Then, with a 
probability equal to 0.95 we may assert that the amplitude value of the 
pulse voltage would not differ from the 50 per cent pulse discharge volt- 
age in this test by more than + 3 per cent. 
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Measurement of the voltage amplitude value by using @ 
ball discharger 


For measuring the amplitude value of the pulse voltage of the standard 
shape, we often use a ball discharger. In this case the method of the 50 
per cent pulse discharge voltage is used. However, in the case of the ball 
discharger, the curve p(U) increases considerably faster, and consequent - 
ly the term U,.. — U./U... has a smaller value. As a first approximation 
for specimens with an electric field nearly uniform in air (ball dis- 
charger) we may assume the ratio U, ~ U_/U.,. equal to 2.5 per cent [11]. 


If, in determining the 50 per cent pulse discharge voltage of the ball 
discharger, we accept the limit values of the relative frequencies chosen 
for the former case, namely p’,,. = 0.35 and p’..,, = 0.65, then AU will 
be equal to 0.75 per cent. 


For the same value of expectancy (x) we get the values n= 42, 


15 and m= 27. 1960 


By this method, having chosen the amplitude value of the pulse voltage 
or the distance between the balls in such a way that, for a total number 
of pulses applied to the ball discharger equal to 42, discharges will 
occur within the limits of from 15 to 27 pulses, we may assert with a 
probability equal to 0.95 that the 50 per cent pulse discharge voltage of 
the ball discharger in this test was determined with an error not exceed- 
ing + 0.75 per cent. 


This, of course, does not mean that in the next test the 50 per cent 
pulse discharge voltage obtained in the same way would differ from the 
former by less than 2 x 0.75 per cent. For reasons not yet explained, 
deviations in successive tests or in repeating the same test in another 
laboratory may be approximately equal to + 3 per cent. 


Numerous tests in various laboratories have shown that, for ordinary 
irradiation of the measuring discharger from the spark gap of the pulse 
voltage generator, when the discharge resistance of the latter is not 
too high, discharge between spheres at the voltage near to the 50 per 
cent pulse discharge voltage will occur at the voltage amplitude value 
or a little later. 


This phenomenon permits the determination of the 50 per cent pulse 
discharge voltage by using only a sphere discharger, for those objects 
with a non-uniform electric field where the discharge at the 50 per cent 
pulse discharge voltage occurs with a greater delay than for objects with 
a uniform field. 


In such measurements the object on test and the sphere measuring dis- 
charger are connected to the voltage pulse generator. The amplitude value 
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of the pulse voltage is raised to the value of the 50 per cent pulse dis- 
charge voltage for the object on test according to the recommendations 
given above. The distance between the spheres of the measuring discharger 
should be increased to the value for which discharges do not occur. After- 
wards this distance is adjusted in such a way that the relative frequency 
of discharges between the spheres should be contained within the above 
given limits independently of the number of discharges occurring on the 
object on test. 


From the distance determined and by using correspondifig tables we de- 
termine the discharge voltage between spheres. With a probability equal 

to 0.95 we may reckon that in this experiment the value of this discharge 
voltage would not differ from the 50 per cent pulse discharge voltage for 
the object on test by more than + 3.75 per cent. 


Agreement of the 50 per cent pulse discharge voltage 


Obtaining the volt—second characteristics in the region of voltages 
adjacent to the 50 per cent pulse discharge voltage is connected with 
certain difficulties because of a large spread of the predischarge time, 
The change in processes in the discharge gap in this region of voltages 
leads to other statistical relationships, and due to this it is difficult 
to choose a general method for the processing of experimental data for 
the whole volt—second characteristic. 


In connexion with this it is advisable, in the region of the minimum 
discharge voltages, to consider not only these characteristics but also 
the probability curves for the pulse discharge p(U), since the latter may 
be obtained with a great accuracy. 


0 
FIG. 3. Agreement of the volt—second characteristics. 
l1— object with a non-uniform electric field in air; 
2-—object with a uniform electric field in air; 
3— region of the 50 per cent pulse discharge voltage. 


Figures 3 and 4 show elementary diagrams of the agreement of the volt 
ampere characteristics and values of the 50 per cent pulse discharge 


U 
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voltage for two objects. The discharge voltages, according to the volt- 
ampere characteristic and the 50 per cent pulse discharge voltage, have 
higher values for the first object than for the second. However, for 
voltages smaller than U,, the probability of the discharge occurrence on 
the first object is greater than on the second, and only the coincidence 
of the values of the voltage U. for both objects excludes the probability 
of a discharge on the first object. For the objects considered, such a 
coincidence of voltages is possible in the case of a choice of the value 
of 50 per cent pulse discharge voltage in the specimen with a uniform 
field, if this voltage is 3.75 per cent lower than the analogous voltage 
inan object with a non-uniform field. Taking into account the possible 
error in measuring of the 50 per cent pulse discharge voltage, this diffe- 
rence should be increased to 7.5 per cent. 


PIG. 4. Agreement of the discharge probability curves. 
Notations are the same as in Fig. 3. 


Such an agreement of the pulse characteristics is particularly im- 
portant for objects with different types of insulation. 


Translated by S. Szymanski 
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ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No. 9%, 1959 


Computer programming for determining the most economical load 


distribution in a power system: N.A. Kachanova and V.V. Umed’ ian.(pp. 1-5). 


A study is made of a method of calculating the distribution of the motive 
loads between thermal power stations in a system by digital computers, 
(both specialised and universal machines). The *Ural* machine in question 
solves this problem for a system of five power stations, ten substations 
and ten branches in three minutes (excluding the time spent on introduc- 
ing the data and orders and printing the results). The work was carried 
out under L.V. Tsukernika in the Institute of Electrical Engineering of 


the Academy of Sciences of the U.S.S.R. 


A computer for economic load distribution: D.R. Terno, 0.4%. Pikkov 
and Kh. Le’ lumee’s.(pp. 5-8). 


Particularly in order to reduce the amount of mechanisation, the stations 
in the system produce a load graph and the output of certain stations is 
corrected if actual output differs from the desired output. The article 
describes the work carried out in the Estonian power system in designing 
and building a computer for despatcher service. The scheme is based on 
the effect of external saturation in the collector circuit of the semi- 
conductor triodes for modelling stepped functions of a non-linear 
character. The output of stations is measured with a degree of error not 
exceeding 4 per cent, (compared with calculations). 


On using computers for automatically controlling the rolling speed 
in a reversible will: L.P. Smol’ nikov. 


Rational speed states for reversing the mill are considered and special 
attention paid to the speed of “*grab* and “*ejection* of the ingot. The 
automatic control system for rolling consists of a device for controlling 
speed and a device controlling the auxiliary attachments of the mill,. both 
devices being inter-connected. A detailed study is made of the use of 
computers for the rational choice of the speeds of the grab and ejection. 
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Why network losses should be accounted for in distributing the 
resistive load in a system: V.M. Sin’ kov. (pp. 20-25). 


The author explains that when distributing the load between stations in 


the majority of power systems, the power losses in the network are not 


taken into account. Only in large combined power systems is attention 


paid to the relative increment in power losses in transmission lines from 


remote power stations and in inter-system connextions. He considers that 


the relative increment in losses may reach 17 per cent. He then considers 
certain quantitative criteria for determining the need of taking the 
losses into account. He considers that the relative increment in losses 
should be calculated with the maximum possible accuracy when they exceed 


17 per cent. 


Losses and voltage deviations in distribution networks: N.K. Arkhipoyv. 
(pp. 25-29). 


A study is made of the factors causing deviations from rated voltage at 


the terminals of receivers in Urban networks, with special reference to 
the width of the zone of insensitivity of the control] device. He re- 
commends matching regulation within the limits of + (5 to 10) % to — (3 


to 5) & with unilateral load. He considers that the losses in the primary 
network can be reduced to 15 per cent in appropriate conditions. He 
advocates that (a) all voltage-boosting auto-transformers and 6 to 35 kV 


transformers, step.down power transformers with built-in voltage regula- 
tion and with a secondary voltage of 6 to 20 kV should be produced with 
degrees of regulation of 5/8 per cent and (b), that distribution trans- 
formers with a secondary voltage up to 0.525 WM should be produced with 
additional degrees of regulation without load + 2 x 2.5% and on "order" — 
4x 2.54. 


The sotor drive, the gain element in a continuous rolling sill 
system: N.N. Druzhinin. (pp. 35-40). 


A study is made of the electric drive of continuous sheet mells when 
strain rolling, but the method of investigation is applicable to other 
continuous mills. He analyses the equations for the movement of the system 


and gives an example. He considers it necessary to take the resilience of 


the mechanical system into account. Variation in rigidity of the mechanical 


characteristics of the motors affects the course of the production pro- 
cess. The article represents a first contribution to the planning of new 


automatic systems for continuous mills. 
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Heating of the rotor cage for asynchronous starting of a synchronous 
condenser (Compensator): N.A. Poliak. (Pp. 41-46). 


The rotor cage of a synchronous compensator consisting of bars at the 
pole extremities of the rotor and short-circuiting rings should eliminate 
asymmetry in a salient pole machine in ultra-transient electrical condi- 
tions and ensure asynchronous starting. The heating of the cage is less 
if the weight of the cage (heat capacity) is greater but extraordinary 
local heating may damage the short-circuiting rings and the individual 
bars of the cage. The results of heat calculations are given which make 
it possible to determine the average heating at the end of each bar in 
the cage separately, the sections of the short-circuiting rings between 
the extreme bars of the poles (segments) and the sections of the same 
rings between the poles, (crosspieces). Although this method ignores the 
dissipation of heat into the externa] medium and its transfer along the 
bar and ring, the analysis by the proposed method is more complete. 


Brush noise in single phase commutator sicro-msotors: N.V. Astakhov. 
(pp. 46-50). 


A mathematical study is made of the radial variations of the brush in a 


fractional horse power commutator motor. Expressions are produced in 
order to ascertain the effect of the angle of inclination of the brush 


holder, brush pressure and the reaction of the support on the noise of 
the brush. The results of certain experimental investigations corroborate 
certain theoretical findings. The use of radial cast box or tubular brush 
holders is advocated. The gap between the brush and the wall of the box 
(tube) of the brush holder in the tangential direction should be between 
0.15 and 0,20 mm. The optimum distance from the commutator to the lower 
edge of the box is 3 to 4 mm. The specific brush pressure should be 
between 400— 450 G/cm*. 


The screening effect of ferromagnetic plates on a d.c. magnetic 
field: E.A. Meerovich and A.M. Arakelian. (pp. 51-57). 


A study is made of the possibility of re-distributing the d.c. magnetic 
field by introducing ferromagnetic masses. The authors propose a general- 
ised method of images for solving a wide range of problems in the field 
of electrolysis. Flat and crlindrical screens are considered. 


Criteria for comparing and selecting electromagnets: I.I. Pekker. 

(pp. 58-61). 

The great diversity in the sign of electromagnetic relays and a.c. con- 
tactors in the U.S.S.R. has prompted the author to enquire which designs 
are optimum for the sake of economy. The author proposes a new method of 
calculation. Dimensionless (criteria]) relationships are plotted character- 
izing design as a function of the relationship between the dimensions and 
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other parameters, (for example the relationship between the tractive force 


of a magnet and its volume expressed in relative units). An iron-clad 


cylindrical magnet with a flat armature face and a valve magnet are con- 
sidered. The use of this method is shown in the appendix. 


Prospects for the use of series-connected valves at low voltages: 
L.S. Fleishman. (pp. 61-66). 


The prospects appear very bleak for use in traction substations and yet 


a low voltage installation in Czechoslovakia is in use where one extra 


set of valves was connected in series to a rectifier which had given a 


large number of backfir.s at 1.5 kV. After this the backfires ceased in 


this installation but no further units of this type were made. The author 


considers that the series connexion of valves is worthwhile as a method 


of increasing the power of existing valves. This method is expedient in 


the presence of large loads and many backfires and is employed in a large 
3.3 kV rectifier unit of 9.9 MW power. 


A negative impedance converter using semi-conductor triodes: 
A.A. Sokolov. (pp. 66-71). 


A study is made of two-cascade transistor circuits with better separated 
input and output in a negative impedance converter in a voltage repeater— 


current repeater scheme which is stable in the short-circuited state. A 
mathematical analysis is made of the stability of the conversion and the 
range of loads which can be converted. The introduction of matrix trans- 


formations makes for a quicker solution of the problem, 


Regulating the electric power of an ore-reducing furnace: 
V.S. Lerner. (pp. 73-78). 


Unlike arc furnaces, ore-reducing (thermal) furnaces which are used in 
ferrous and non-ferrous engineering have certain special automatic control 
characteristics. These are then discussed. The automatfc control schemes 
patented in the U.S.S.R. in 1957 and the electromechanical apparatus for 
measuring the quotient of the phase current by the corresponding voltage 
patented in the U.S.S.R. in 1956 are then discussed. The purpose of these 
equipments is to overcome the interaction of adjacent phases and provide 
for the autonomous operation of the power regulators. Alternative schemes 


are then discussed relative to the power of the furnaces. 


A study of the dielectric strength of air-styroflex cable insulation 
by a statistical method: S.M. Bragin. (pp. 78-83). 


In connexion with the remote supply of control apparatus over high 
a study is made of the probability of the breakdown of 


frequency cables, 
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the air-styroflex insulation of the core at different voltages in order 
to select the voltage at which the insulation is most reliable. The test 
cable was a communication cable type MKSG of 4x 4x 12 mm consisting of 


four quarters each comprising four copper wires 1.2 mm insulated by styro- 


flex *cordel* 0.8 mm thick on their lay and styroflex strip 0.05 mm thick 
on top, (photograph and drawing given in test). Test results are given in 
the form of a "probability scale". The probability of breakdown is con- 


sidered “practically impossible" and a maximum alternating voltage of 2 kV 
(effective value) is permissible for the cable in question. 


ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No. 2, 1960. 


Modern concepts of dielectric breakdown: G.I. Skanavi dec’d (pp 1-8). 


The author has discussed the breakdown of gaseous, liquid and solid di- 
electrics.Test results are analysed and these would appear to justify 
re-approaching the problem of pre-breakdown processes in the crystals. 
The electrical breakdown of crystals and highly pure liquids is con- 
sidered to be influenced materially by a combination of the cold 
emission of electrons from the cathode and shock ionisation.List of 15 
references and three diagrams. 


A numerical programming control system for a large lathe: I.L. Shapiro, 
E.M. Grossman, Iu.A. Raisov and Iu.V. Tikhvinskii (pp. 9-12). 


A study is made of the digital programme control of a heavy lathe with 
centres about 500 mm high and 4000 mm apart. Workpieces up to 10 tons 

in weight with complex curvilinear surfaces can be machined to an 
accuracy of 0.1 mm. The drive control system is described and shown 
diagramatically. Use is made of step-by-step motors and intermediate 
reading of the programme on magnetic tape. One operator can tend several 
such machines and one programme recording device can serve several 
machines. Experimental tests have proved satisfactory but a trial 

period in industrial operation is considered necessary before making a 
final evaluation. 


A Self-aligning system for automatically controlling the duty of 
electric tube welding machines: A.B. Cheliustkin and V.A. Ivanov 
(pp. 13-18). 


A study is made of a calculating device for the automatic ’ optimization’ 
(establishment of these operating conditions in which the process has 
the best technical-economic indices) as applied to resistance welding 

of tubes. The authors determine the parameters of the self-aligning 
system and consider transient processes. Experiments have shown that the 
proposed system brings about less variation in the temperature of the 
seam than in the case with welding by hand. 
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Best location forand effectiveness of insulating couplings and 
flanges in protecting underground metal structures against electrical 
corrosion: L.D. Razumov (pp. 19-24). 


A study is made of electrical "*sectionalization’ of underground metal- 
lic structures by means of insulation sleeves on cables and insulation 
flanges on conduits. This only leads to a redistribution of dangerous 
zones and if the ’gap’ is introduced in the anode zone, this even in- 


creases the density of the leakage current. Insulation ’gaps’ may be 
introduced in stable cathode zones to reduce stray currents and there- 
by reduce the density of the leakage current in the anode zone provided 


additional use is made of balance rheostats etc. to eliminate the local 
anode zone arising on one side of the gap. Formulae are proposed for 
determining the best position for the sleeves and flanges approximately, 
but these are not generally applicable to urban networks. 


Small domain stability of the excitation control system for a 
synchronous motor: D.P. Petelin (pp. 25-28). 


In order to improve the operating conditions and increase the stability 
of a synchronous motor and the supply system, use may be made of auto- 
matic excitation regulation for motors operating on a variable load. It 
is possible and sometimes expedient to obtain this control by angle @ 
as proposed by D.P. Petelin, (Reference given, dated 1959). An equation 
is formulated characterizing the process of regulating the system. 
(List of four references). 


A physical sodel for the d.c. transmission system Stalingrad hydro- 
electric station - Donbas: V.V. Voskresenskii, Kh.F. Barakaev and 
L.V. Travin (pp. 28-35). 


In view of the difficulties encountered in the analytical calculation 
of fault conditions in d.c. transmission, the All-Union Electrical 
Engineering Institute has produced a physical model] for d.c. trans- 
mission consisting of six individual converter bridges which can be 
considered ‘universal’ and applicable to the investigation of any 
multi-bridge conversion schemes. The general characteristic of the 
model is given and the method of modelling described. The shape of the 
curves and the amplitude of the voltages are determined for individual 
points in the scheme in rated conditions. 


Some special features of long distance a.c. transmission system per- 
formance: I.M@. Markovich, S.A. Sovalov and A.A. Kriukov (pp. 35-40). 


A study is made of 600 kV transit type transmission over 1500 km with 
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compensating devices and 600 kV transmission with intermediate power 
systems connected to the line. Special attention is paid to the effect 
of intermediate synchronous compensators. The installation of compen- 
sators at each intermediate substation is advocated, their total out- 
put (MVA) being equal to the power to be transmitted along the line 
(MW). Here it is recommended that the reactance of the compensators by 
partially compensated by banks of static capacitors. Current density in 
long distance transmission should be increased to 0.9 to 1.0 A/mm? at 
least. Systems of ’fault discharge’ and excitation regulation are also 


considered. 


Glass line suspension insulators: N.A. Nikolaev, T.D. Andriukhina, 


V.A. Veseliyi and 8.1. Diakivskii (pp. 41-46). 


the Lvov Poly- 


In order to save weight on long distance transmission, 
technical Institute has envolved two types of glass insulator PS-4.5 
and PS-8.5 with an hourly electromechanical test load of 4.5 and 8.5 
tons at 50 kV and 50 c/s which are now in use on 35 to 220 kV lines. 
The oxide content of the glass is given in detail: Sid, 72. 9%, Al,0, 

1. 9%, Fe,0, 0.1%, CaO 7.6%, MgO 3.7% and Na,O 13.4%. Mechanical 
strength is imparted by a special toughening process whereby the 
tensions in the glass are uniformly distributed (650°C). The design of 
the insulators is described and their method of production. Properties 
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and characteristics are described (with photographs). 


The electric circuits of a three phase shunted arc: 
1.T. Zherdev (pp. 46-53). 


A theoretical investigation is made by means of equivalent networks 
into the phenomena in an electric ironmaking furnace. A detailed study 
is made of the electrical circuit of a three phase shunted arc. Atten- 
tion is paid to the combustion of one, two and three arcs in the 
circuit of a three phase shunted arc. The presence of an are discharge 
is established together with the presence of charge material currents. 
The reduced magnitude of the displacement voltage of the neutral of the 
furnace compared with the same voltage of a three phase open arc shows 
that the additional resistance in the circuit of each arc must be taken 


into account in the equivalent network. 


The synchronizing device of a synthetic circuit for testing the 
rupturing capacity of circuit breakers: N.M@. Chernyshev and 
Liashenko (pp. 53-57). 


The authors expound the principles underlying the operation of a syn- 
chronizing device for controlling the supply source of a synthetic 
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circuit for testing circuit breakers. The devicecomprises two symmetric- 
al parts which operate alternatively in the positive and negative half- 
periods of the tripping current,each part incorporating cathode re- 
peats, triggers, differentiating elements, pulse amplifiers, output 
thyratrons and blocking relays. Special attention is paid to the 
measuring elements of the synchronizing device. Here use is made of 
active and reactive shunts in the circuit of the tripping current. 

Good results are also obtained with air current transformers with a 

time constant of the integrating link over 1 sec. A photograph of the 


synchronizing device is given as well as a circuit layout. 


On calculating electrosechanical transients in an induction sotor 
synchronous generator set whose sachines are of comparable rating: 
Ya.8. Kadysov and 4.8%. Rasulov (pp. 37-60). 

The author expounds an approximate but practical method of calculating 1960 
electromechanical transients when starting an induction motor of normal 

design from a synchronous generator of commensurate power, provided 

with a device for forcing excitation. Similar assumptions are made to 

those underlying the usual calculation of starting from a network of 

infinite power, so that the transient powers can be calculated accord- 

ding to the static characteristics of electrical sachines. An example 


is given. 


An asynchronous sicro sotor with hollow rotor at an anosalous 
frequency: L.1I. Stelovw (pp. 61-63). 


A study is made of the relationship between supply voltage and fre- 
quency at a fixed electromagnetic starting movement for an asynchronous 
fractional horse power motor with a hollow non-magnetic rotor whic! 


possesses relatively large stator and rotor impedances and a very smal! 


inductive resistance of rotor dispersion. It is mathematically 
established that voltage increases as frequency is considerably reduced. 


Good agreement has been obtained with experimental data. 


The equivalent circuit and exact circle diagras for a reactive syn- 
chronous sachine: 0.8. Pevzner (pp. 64-68). 


The author generalizes the equivalent circuit for a reactive synchro- 
nous motor and describes an accurate circle diagram constructed by 
methods widely adopted in design practice for asynchronous machines. 
The proposed method is claimed to be simpler than that proposed by 

C.H. Croose and makes it possible to calculate losses in the steel. The 


equivalent network may be T or L shaped. 
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A statistical sethod for basing the voltage accepted in testing the 
rupturing capacity of circuit breakers: V.V. Kaplan, V.M. Nashatyr 
and V.L. Ivanov (pp. 69-73). 


The results are given of tests carried out in 1958 to 1959 in the Lenin- 
grad Polytechnical Institute to verify the possibility of proportional- 
ly calculating the tripping capacity of the individual elements of the 
circuit breakers as a whole independently of the character of the capa- 
citive distribution of the voltage. Objective comparision of the opera- 
tion of the arc extinction elements was possible when the probability 
curves of non-extinction of the arc were compared, the problem then 
being reduced to the evaluation of the parameters of the normal distri- 


bution from the experimentally determined frequencies. 


Heating of current conductors in electrical apparatus: A.M. Zalesskii, 
Moiseev and E.G. Popova (pp. 73-78). 


The results are given of an investigation carried out in the Kalinir 
Polytechnical Institute in Leningrad into the heating of the live parts 


ff electrical gear ir o further the development of high voltage 


apparatus capable fi ; 1 to 12 kA as required by the 7-year plan. 


At 6 t y nd eT se f box-section conductors is advocated 
with flanges irned is. Box-section 405 mm square and walls 6 mm 
thick had considerable« : reserve at I 12 kA Silver contacts are 
recommended. } proposed for determining the section sizes 


in advance. 


Accounting for network losses in determining optisum power system 
operating conditions: N.A. Melnikov (pp. 78-82). 


r determining the most economic state of power 
attention is paid to the probler voltage 


jistribution of the reactive loads. 


iow the capacitance of low voltage networks influences safety: 
G.V. Sindeli (pp. 82-85). 


insula } | systems investigations have shown that the effect 
f the resistar f the network insulation on the current passing 
through a human being when he comes in contact with a live part de- 
creases irply i he capacitance in the network is more or less con- 
siderable. The use of capacitance compensators is therefore advocated 
in low voltage networks (e.g. pits) and attention is drawn to the fact 
that an instrument has been invented to effect compensation automatic- 
ally (see Author Cert. No. 113867, Class 2le, 29). 
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CORRECTION 


Volume 3, November 1959. 


Page 432, Fig. 3. caption, 
For: *rotor slot* 


Read: *stator slot* 
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INVESTIGATION OF POWERFUL GERMANIUM RECTIFIERS* 


V.S. BAGAYEV, B.M. VUL, A.A. ZHEREBTSOVA and 
S.B. IUDITSKII 


(Received 11 May 1959) 


This article gives the results of investigations into powerful german- 
ium rectifiers type VG; these rectifiers were made in the Lenin All- 

Union Institute of Electrical Engineering, [1]. Fig.1 shows the cross- 
section of a rectifier of this type. 


Dependence of the forward currents on voltage and temperature. To 
measure the values of the forward currents in relation to voltage, the 
rectifier was placed in a thermostat. Temperature was held constant. 
When the current densities were comparatively small, the rectifier 
temperature remained constant due to the use of a good heat dissipation 
device which had a dissipation rate of about 5 W/degree. But with the 
increase in the current density a certain overheating of the recti- 
fier was observed. To eliminate this phenomenon, voltage was applied 
only for the time necessary for the measurement. Temperature was meas- 
ured by a thermocouple fixed in the rectifier body near the germanium 
lamina, and it showed that the overheating did not exceed 0.5° C even 


for the largest current. 


Fig.2 shows the results of measurement for two rectifiers. Analog- 
If we assume that 


ous results were also obtained with other rectifiers. 


Qand(p,/N,)> 1, (A) 


where w — the thickness of the germanium monocrystal lamina; 
L. — the length of the hole diffusion for the corresponding injec- 


tion levels; 


* Elektrichestvo, No.10, 21-26, 1959. 
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FIG.1. Cross-section of a rectifier 
type VG-10. 
lug; 
rod; 
lid; 
flexible coupling; 
p-n junction; 
base; 
- stud. 


I,- the electron current component in the electronic part of the 


semiconductor; 
Po — the concentration of injected holes on the boundary of the p-n 
junction; 
VN. the donor excess concentration, 
then the value of the forward current can be found by the following 


formula: 


n 
> 2aT 
- = 2qD ,f é 


where q — the elementary charge; 
D. — the diffusion coefficient of the excess holes; 
the area of the p-n junction; 
- specific concentration of the charge carriers; 
~ voltage at the rectifier p-n junction, 
~ the Boltzmann constant, 


- absolute temperature. 


The investigations showed that for all the rectifiers tested 
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TABLE 1. 


Number of Experimental Calculated 


the rect- . values of values of 


ifier Ios mA. 


are definite values of the current density which satisfy relationship 
(1). Table 1 gives the results of calculations based on the experiment- 
al data; in this table the quantity x, given in column 3, whose theor- 
etical value equals 2, corresponds to the factor kT in formula (1). 
Column 4 gives the values of I, which may be obtained from relation- 
ships, given in Fig.2 by extrapolating the rectilinear sections of the 
curves with « = 2 to the values of U = 0. Column 5 shows for comparison 
the value of this quantity calculated by the formula given in [2, 3). 


2qD 


(B) 


As can be seen from the above data the calculations using formula 
(B) give too large values of I). This is explained by the fact that 
relationship (1) was derived assuming an infinite rate of re-combin- 
ation at the back electrode (S ~ ©) which would take place in the pres- 
ence of a contact ohmic resistance. In fact, however, the contact 
resistance is not purely an ohmic resistance, and for the other limit- 
ing value of the recombination rate at the contact, S = 0, the calcul- 
ated value of I, = (qun,F/7T,), and this value for (w/L,) < 1, may be 
considerably smaller than the values given in Table 1, (3). 


Deviations from the values given by relationship (1), which obtain 
at high current densities, are explained by the increase of the 
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A ly 


U 
(a) 


0 a? a2 03 
(b) 


FIG.2. The forward branch of the volt-ampere 
characteristic for rectifiers type VG-10 with 
germanium lamina thickness 0.9 mm thick (a) 
and 0.4 mm thick (6). 

(1) 

(2?) 

(4) 


(5S) 


electron current component I , which cannot be neglected. As a first 


approximation we may assume that the additional potential difference 
which occurs for the high current densities is, according to |3), equa! 
to: 


which agrees qualitatively with the experimental data. 
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TABLE 2. 


rectifier | 


Number of the | ' | 


al 
> 25 | 0.023 | 0.047 | 0.032 | 0.029 | 0,038 | 0,023) 0.028 
i | | 
| | 


/ d 

9 000—1 15-10 lo 1 | 0.03 032 | 0,034 | 0,037 | 0,032! 0.03 
aT | | 


As can be seen from formula (2), the value of U,, other conditions 
being equal, increases with temperature. This explains the intersection 
of curves 3 and 4 in Fig. 2b. 


It follows from equality (1), that the expression for the temper- 
ature coefficient for the forward current has the following form: 


d 9000 — 1.15. 10U (3) 


Table 2 gives a comparison of the experimental data and of the data 
calculated by this formula. 


Saturation current. The value of the saturation current was calcul- 
ated from measurements of the forward and reverse currents for voltages 
kT/q [4], and from the reverse branch of the volt-ampere character- 
istic. In the latter case, the value of the current obtained by extra- 
polating the straight line section of the reverse branch of the volt- 
ampere characteristic up to the axis U = 0, was taken as the saturation 
current. For comparatively small values of the reverse voltage, suffic- 
ient for measuring of the saturation current, the rectifier temperature 
remained practically constant and, within the limits of accuracy with 
which the measurements were carried out, did not depend on the condi- 


tions of heat dissipation. 


The calculated value of the saturation current a. is contained 


within the limits. 


qP,D oF 
w 


The maximum value of I. corresponds to the rate of surface 
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TABLE 3. 


Number of Saturation cure Saturation cur- 
the rect« rent measured rent calculated 
ifier fromthe reverse|from measure- , 
> branch of thement> for small 

voltamp. chera voltages 


teristic uA (~kT/q) uA 


330 
760 


6 250 


310 


10500 


155 
600 
1 950 
6 800 


recombination S - ®, whilst the minimum value of I, corresponds to the 
rate of recombination, (approximately equal to zero). 


Table 3 shows the results of measurements and calculations of the 
saturation current. 


As can be seen from this table the coincidence of the calculated 


and experimental values is rather close. The quantity p, was determined 


on the basis of the results of measurements of the differential capacit- 


ance of the p-n junction, which are given below, by using the relation 


N 
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0 
42 23 29 OS GN 


FIG.3. Calculated (1) and experimental (2) dependence 
of the saturation current on temperature (t= 273+¢t). 


whilst the lamina thickness and the area of the p-n junction were meas- 


ured by a microscope, 


The dependence of the saturation current on temperature was invest- 
igated within the range from + 5 to 60° C. The theoretical exponential 
relationship between the value of the current and temperature occurs 
only in the limiting cases of low resistance and high resistance germ- 
anium with a conductance near to self-admittance. However in practice, 
as it follows from the measurements per formed and from calculations, 
the relationship between saturation current and temperature may also be 
represented by an exponential function and for intermediate values of 


resistivity equal to 14-20 ohm/cm. 


Some results of measurements and calculations of the temperature 
dependence of the saturation current are shown in Fig.3. The slope of 
the curves for the relationship between temperature and saturation cur- 
rent for rectifiers made from low ohmic resistance germanium, charac- 
terizes, according to theory, the width of the forbidden germanium zone 
and corresponds to 0.78 eV. The values characterizing the slope of the 
curves shown in Fig.3 varied, for the rectifiers we tested, from 0.6 to 
0.75 eV. In most cases the smaller values corresponded to the smaller 
concentration of N,, although this was not always the case. 

Capacitance. The rectifier differential capacitance was measured at 
a frequency of 100 kc/s and the bias voltage up to 150 V. Measurements 


were carried out on a special bridge by the equivalent network method. 


For the stepped p-n junctions for > U, 
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2 


i 


10 


FIG.4. Dependence of the differential capacitance 
of the p-n junction on the reverse voltage. 


C, =3.36x10-*F 


where C, - capacitance, pF; 
U — bias voltage, V; 
U, - contact difference of potentials. 


Fig.4 shows the results of capacitance measurements on one of the 
rectifiers. The values of N, were determined on the basis of analogous 
measurements carried out on the rectifiers tested. 


The measurements of the differential capacitance of the stepped p-n 
junctions in germanium, which were performed earlier in our laboratory, 
showed, that there 15 a rather close coincidence between the values of 
Ny found from the capacitance measurements, and those found from the 
values of resistivity, [5]. These tests also showed that the different- 
ial capacitance of the germanium diodes depends very little on temper~- 
ature within the limits - 60 to ¢ 60° C. 


It follows from equation (6) that the differential capacitance 158 
inversely proportional to 1\/" where n = 2. The results of measurements 
show that this relation is fairly well satisfied. Table 4 shows the 
values of n obtained from experimental data. 


Reverse branch of the volt-ampere characteristic. The reverse 
branches of the volt-ampere characteristics were recorded for two val- 
ves of the heat dissipation rate. In the first case the dissipation 
rate was about 5 W/degree and was obtained by a flow of water. In the 
second case additional thermal insulation was introduced and the heat 
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50 WO 200 <50 V 


FIG.5. Reverse branches of the volt-ampere 
characteristics of a rectifier for differ- 
ent values of the heat dissipation rate. 
(S) = 42,5° C; 

(6) t - 45. C; 
(7) t - 60 C; 
(8) t - 60.5° C; 


-.-.+ heat dissipation rate 5 W/degree; 
-x-x- heat dissipation rate 0.15 ¥ degree. 


dissipation rate was 0.1-0.2 W/degree. The rectifier temperature was 
recorded in the same way as in the measurements of the forward currents. 
Measurements were carried out in @ thermostat at temperatures from + 5 
to + 60° C. 


During the test with the heat dissipation rate of 5 W/degree for the 
reverse voltages up to 200 V, the rectifier temperature remained practic- 
ally equal to the temperature of the surrounding medium. For the heat 
dissipation rate of 0. 1-0.2 W/degree the rectifier was heated by the 
current flowing through it, and in this case it was kept under voltage 


until thermal equilibrium was obtained. 


Fig.5 shows the typical curves characterizing the results of 
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measurement of the reverse currents in one of the rectifiers; it can be 
seen from these curves that, in the case of poor heat dissipation, the 
rectifier’s increase of temperature due to the flow of the reverse cur- 
rent, considerably affects the amount of current. For a heat dissipa- 
tion rate of 5 W/degree, this influence can manifest itself only at 
higher temperatures and voltages. 


At a lower temperature (about 6 to 8° C) the reverse current is so 
small that the heat developed due to its presence hardly affects the 
shape of the volt-ampere characteristic. However, even in this case, a 
gradual increase in current can be observed with the increase of the 
reverse voltage. One of the causes of the current increase is the widen- 
ing of the p-n junction, whose width may be determined by the formula 


(7) 


where U — voltage on the p-n junction in V, equal to the sum of the 
reverse voltage and the additional potential difference (the last value 
may be neglected in comparison with the former at reverse voltages 
exceeding a few volts). 


With the increase in the width of the p-n junction the role of the 
reverse current increases. This reverse current is caused by charges 
generated in the region of the volume charge, and the gradient of the 
hole concentration increases outside this region; both these phenomena 
lead to an increase of the reverse current. 


. The current increment due to generation in the region of the volume 
charge can be calculated by a formula given in (6): 


qn hF 


Al, 


where 7 — the life of the charge carriers. 


The increase in current connected with the decrease of the base 
width is equal to: 


For (h/w) < 1 


515 
4.25-10? 
— 
60 
4 
(8) 
h 
(9) 
— 


Investigation of powerful germanium rectifiers 


TABLE 5. 


Number of Calculated val- Experiment al val- 
the rect- > ue of +al ue of al, mA 
ifier ; 


0.042 | 0.086 
0.059 0.176 
0.073 0.316 


0.030 0.100 
0.043 0.250 
0.053 0.350 


(10) 


1960 


As can be seen from expressions (7), (8) and (10), the values of 
the additional currents4], and \I, are proportional to U*, In reality 
the increase in currents does not obey this law, and their magnitudes 
are considerably greater than follows from formulae (8) and (10). For 
comparison, Table 5 shows the calculated and experimental data for two 
rectifiers at such a low temperature that the thermal effects are prac- 


tically excluded. 


For calculations it was assumed that = 100 usec., which is consid- 
erably less than the life of the charge carriers as measured on the 
initial material investigated. But even in this case the values calcul- 
ated are considerably smaller than the values obtained experimental ly. 

In reality the increase in current 18 approximately proportional to U, 
not to >, which indicates the ohmic character of certain additional 
current leakages, which may be caused both by the presence of spots due 
to imperfect fusion or by some surface shunting resistance. The depend- 
ence of additional current on temperature exhibits a certain pec uliarity. 


Results of measurements for one of the rectifiers are shown in Fig.6. 


Since the additional reverse current 15 caused by various factors, 
therefore its dependence both on voltage and on temperature is rather 
complicated, because its components depend in a different way on these 
factors. At higher temperatures and a poor heat dissipation rate, the 
rectifier heating has a dominant influence on the increase of the 
reverse current. This can be seen from the character of the curves 
shown in Fig.5b6, which correspond to temperatures of 40 to 60° C for a 


heat dissipation rate equal to (0.1 to 0.2) W/degree. 


Fig.7 shows analogous data for other rectifiers. Tests were carried 
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FIG.6. Dependence of the additional reverse 
current for various voltages, and saturation 
current on temperature. 


62 


53 


7s 700 v 


FIG.7. Reverse branches of the volt-ampere 
characteristic for the heat dissipation 
rate equal to (0,1-0.2) W/degree. 


out with a time lag corresponding to the establishment of thermal equil- 
ibrium, which was investigated by measuring temperature. Temperatures 


at individual points are shown on the curves in Fig.7. 


The reverse branches of the volt-ampere characteristics shown in 
this diagram are typical of a thermal breakdown when there is an addi- 
tional resistance in the circuit. The kink at which dlU//dI = 0 corres- 
ponds to the puncture of the rectifier. The value of the puncture volt- 


age, current and the overheating of the p-n junction are determined 
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TABLE 6. 


rectifier 
ated), mA 
(experi- 

Up (experi- 
mantel),V 

Up (calcul- 


Number of the 
Ip (caleul- 


lp 


to 


respectively by the 


where Up - puncture voltage, V; 
eoefficient of the heat dissipation 


temperature of the surrounding medium, K; 


Table 6 shows the results 


tities 


to 6 


a constant; 
current during the puncture. 


characterizing the breakdown of seve 


um rectifiers 


OT (calcul- 

AT (experi- 

mental) 

k, W/degree| 


rate, W/degree; 


of measurements and calculations of quan- 


ral rectifiers when ¢ * 40 


1960 
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In calculating the overheating of the p-n junction the empirical 
values of quantity B were used. These were obtained in measuring the 
temperature dependence of the saturation current. 


The comparison of the experimental and calculated data shows that 
the stationary value of the current at the puncture is greater than the 


value calculated, but the puncture voltage and overheating are less. 


This can be explained by the fact that the overheating is the main, but 


not the only cause of the current increase, as was assumed in deducing 
relations (11) to (13). 


Conclusion. On the basis of the above considerations we may draw 
the following conclusions: 


l. The forward current ly has a sufficiently large section of the 
volt-ampere characteristic for which the following relation is satis- 


160 cied: 


gU 


9 » 
2qD_F — ¢ (B) 


In practice the value of 2q) F(n,/w) is slightly less than the val- 
ue calculated, which probably, is connected with properties of the back 


electrode. Deviations from the above relationship for the increased 


densities are due to the presence of a considerably electron component 
of the forward current which brings about the additional potential drop 


and losses. 


For the value of the temperature coefficient of the forward current 
a good agreement of experimental and calculated data is obtained. For 

the group of rectifiers tested the temperature coefficient of the for- 
ward current 1/I ,(dI ,/dT) is approximately equal to 3 per cent. 


2. The saturation current calculated by the formula: 


| =— 


qP,D ,F 
(C) 


is also somewhat greater in comparison with experimental values due to 
the same factors as the forward current. 


3. The differential capacitance of the p-n junction for the recti- 
fiers tested is inversely proportional to the square root of the 
applied voltage, which indicates the stepped character of the p-n 
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junctions, connected with the technological process of their production. 


4. The reverse currents increase regularly with the increase in 
reverse voltage. Calculations show that this phenomenon cannot be 
explained solely by the widening of the p-n junction and the generation 
of charge carriers in it. It is possible that the increase in reverse 
voltage is connected with the presence of certain defects in the p-n 


junctions, for instance, spots and dislocations. 


5. The values of the pulse puncture voltages for the individual 
rectifiers approximately coincided with those values which were to be 
expected from the resistivity of the germanium lamina. If voltage 1s 
applied over a long period, thermal puncture of the rectifiers 1s poss- 
ible, particularly if the heat dissipation 1s poor. Calculation of the 


puncture voltages by the formula 


(D) 


gives greater values of U,, since in this case we assume that the rect- 


ifier overheating is the only cause of the increase in reverse current. 


When the puncture occurs the diode overheating is equal to 


~ B 


which approximately agrees with the value obtained experimentally. 


Translated by S. Szymanski 
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THE ELECTRIC DRIVE OF HEAVY MACHINE TOOLS* 
V.A. NAIDIS 
ENIMS 
(Received 4 June 1959) 


Soviet machine tools (boring, vertical boring, milling machines and 
1960 
lathes) have made extensive use of variable drives with direct current 
motors supplied from dynamoelectric amplifiers with a transverse field, 
(amplidynes), known as EMB in the U.S.S.R. 


The majority of electric drives for heavy machine tools using the 
amplidyne motor system with a variation ratio of the motor’s running 
speed of 1:100 and more are made in the form of closed automatic control 
systems with a feedback according to the speed realized by means of a 
tacho-generator across an intermediate electronic or semiconductor 
booster, (amplifier). 


In 1958 a control system was developed with an amplidyne which had 
low ohmic control windings. These were developed in connexion with the 
production of powerful triodes of the P4 ENIMS type. The system ensured 
a high amplification factor and a multiple supply voltage reserve rela- 
tive to the rated voltage for the amplidyne control circuit. 


The reversible electric drive EMB - motor system with a semiconduc- 
tor booster of the LPP 6 type is represented in Fig.l. The operation of 
the system is similar to that described in [1]. The most essential and 
difficult requirement for the drives of heavy machine tools is the high 
quality of transient processes when there is a disturbing influence in 
the form of a sharp increase or drop in the load of the motor 


The “jump” of the deflexion angle 2, of the motor, when a disturbing 


* Elektrichestvo No.10, 27-33, 1959. 
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The electric drive of heavy machine tools 


FIG.1. The scheme of a reversible electrical EMB-motor 
drive with a semiconductor booster of the UPP 6 type. 


M — direct current motor; 
EMB - dynamoelectric booster; 
AM - asynchronous motor; 

TG tachogenerator; 

VS - voltage stabilizer. 


influence in the form of a single impulse of torque emerges, is assumed 
to be the basic criterion of the quality of intermediate processes. 


Moreover, the control system must limit the instability of the run- 
ning speed to +(5-10 per cent) in the steady state for the most unfav- 
ourable variations of the parameters of the circuit and load. The con- 
trol system must also ensure high reliability of performance and sim- 
plicity of adjustment and operation. 


This is attained by using a simple structural system with a minimum 
number of feedbacks, variable elements and switch contacts. 


The structural system of the control circuit is represented in Fig. 
2. Only two feedbacks are specified in it — an inflexible connexion 


according to the speed and a flexible connexion according to the volt- 
age of the EMB, without allowing for current limitation. 
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The electric drive of heavy machine tools 


FIG.2. Structural diagram of control circuit (Fig.l). 


The characteristics ¢ lourr * f(Uyy) of the RSC6 type of motor with 
= 500 2 and roy = 20 ++ are produc ed in Fig.3. The voltage amplific- 


Tr = 
IN 
ation factor of the booster b allowing for the resistance in the input 


(of the tachogenerator and regulator) equals 200. 


Ry taking into consideration a reduction of the steepness of the no 
load characteristic of the EMB in its initial stage, its voltage ampli- 


fication factor k usually does not exceed 40-80. 


Thus, in the control circuit under consideration the high ampli fice 


ation factor of 8000-16, 000 of the EMB and semiconductor boosters / 


and k is ensured. 


r 


The steepness of the output characteristic of the tachogenerator 


and the transmission ratio between the motor and the tachogenerator are 


of great importance for the stability of the running speed of the drive 


The maximum variation of the drive running speed corresponds to a 


variation of the parameters ol the semiconductor booster, for instance, 


when the temperature of the environment changes. Lven if temperature 


compensation is allowed for when the temperature actually ! luctuates 


t> 40° C to ensure constancy o! the output current of the semi- 


from 10 


conductor .ooster it 18 essential to vary its imput voltage 


The instability of the running speed of a motor is determined 


the formula 


range of contro! of motor’s running speed; 
steepness of output rating of the tachogenerator, Ve 


transmission ratio of motor to tac hogenerator, 
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FIG.3. Relationships between Alou and Un of a 
booster of the UPP type where r = 500 and 


IN 
OUT 2044 


nin = nominal running speed of motor, rev 

If the range of control is increased above 200-300 and 0, > 5 per 
cent, additional measures should be taken to increase the stability of 
the amplifier. One may also proceed to increase the steepness of the 
output characteristi of the tachogenerator by using a tachogenerator 
with independent excitation (for example, for the tachogenerator TWGZ0 
ke = 0.11 V.rev/min) or installing an intensifier (multiplier) from the 


motor to the tachogenerator (k,, > 1). 


It is expedient to limit the given voltage of the regulator to 
290-250 V, in order that it does not considerably exceed the nominal 


voltage of the machines in the EMB — motor system. Then 


k k k — 


where 
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Uy - voltage of the tachogenerator with a supply to the motor of 
the voltage U.. 


Finally it is assumed that k ke < 1 and that k = 1. 


Here, the overall amplification factor of the control system 
ke kk kkk reaches 8000 to 16,000, which ensures high stability of 
drive in static conditions. 


One of the substantial difficulties 1s to ensure a high amplifica- 
tion factor of the semiconductor booster and to eliminate the influence 
of a frequency of 50 c/s and higher. For this purpose a connexion at the 
input to the booster of capacitance C. and resistance rk in the flexible 
feedback circuit is illustrated in the diagram in Fig.l. At the same 
time the time constant of the booster T,, does not exceed 0.01-0.02 sec. 
Synthesis of control system. In the control circuit which has been 1960 
developed [Fig.1] in order to ensure stability, use is made of a paral- 
lel-connected correcting device in the form of the circuit ry with the 
amplitude-phase characteristic 


W (jo) 


where ky - amplification factor; 
T, -— time constant of correctin device. 
K & 


The amplitude-phase characteristic W,(j@) of an open control system 
when the links of the semiconductor (W( 7) ] and dynamoelectric 
W,(jo)) boosters are embraced by the parallel correcting connexion 


(Ww. is described by the expression 


W (jw) (jw) (jw) 


(3) 


where Wy( jo) and - amp |i tude-phase characteristics of motor and 


tachogenerator. 


As is known, in a control circuit with n aperiodic links having as 
great an amplification factor as 15 desired, steady performance 15 
ensured when n-2 links are embraced by an actual differentiating con- 


nexion with a maximum amplification factor (2). 


Experimental investigations into the amplitude-phase characteristics 


(2) 
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(EMB W (ja)) when operating in a EMB-motor system have shown’, that in 
the range of operating frequencies the phase ~, of the characteristic 
W (jo) does not exceed 100-120°. Thus, the phase 2. + Lp reaches 180° 
when the amplitude is considerably less than one, and the circuit pos- 
sesses a large margin of stability. 


An analysis of expression (3) shows, that an increase in the ampli- 
fication factors of the links of semiconductor and dynamoelectric 
boosters leads to an increase in the margin of stability of the control 
circuit together with an increase in the stability of the electric 


drive characteristics. 


When kyk equals 8000 to 16, 000 it is possible to disregard the 
unit in comiieaion (3) within the range of operating frequencies with 
an admissible error. Then the amplitude-phase characteristic of the 
open control system is determined only by the parameters of the links 


of the motor, tachogenerator and correcting device. 


) W, (i) 
W Ai) 


VY = (4) 


In the control system under consideration the correcting connexion 
also embraces part of the link of the motor since the circuit ryCy 
passes the voltage of the motor. Here 


kok, jo +1) 


W (jo) 


where T,, and T., - electromechanical and electromagnetic time con- 


stants of motor. 


From an analysis of the stability of the control system according 


to Guzbitsa’s criterion we shall obtain: 


14 
kok, 


The magnitudes of the parameters ky and 7, for the correcting con- 
nexion must ensure a sufficient margin “of stability in modulus 
(AM > 0.4) and phase Wo > (25-30° )) and little fluctuation (4 < 2), 


* The investigation was carried out at the Tiazhstankogidropress works. 
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For a synthesis of the system according to the margin of stability 
it is most convenient to use the method of amplitude-phase character- 
istics, selecting such values of ky and T, that the amplitude-phase 
characteristic W)(jw) of the open system would not intersect the circle 
of the real circle diagram with the indices 1.3 and -(0.5 to 0.6). 


One can represent the expression for the amp litude-phase character- 
istic for the upen system in the following form: 


na” 


The equations for the circle of the real circle diagram where 


Po = 1.3 and = 0.5: 
(ku +- 2.67)? +- kv* = 1.67?, 


(ku +- 0.67)? +- ko? = 0.3357. (9) 


A combined analytical solution of equations (7)-(9) 1s complex. It 
is evident from an analysis of expression (7) that an increase of both 


Ty and also ky leads to an increase in the margin of stability. 


To simplify expression (7) for actual electric drives for heavy 
machines we shall examine the magnitudes of T,, and a for motors of 
the PN series with an output of 3-10 kW. These machines are four-pole. 
This is more favourable for a control system in connexion with the 
decrease of T,, . The time constants T,, and T,, depend only on the 
dimensions of the motor. When dimensions increase, = decreases 
(0.06-0.03 sec), but the product of T,, T,, remains approximately con- 
stant. For the new series P as regards reducing the flywheel torque of 
the motor, T,, decreases slightly, (0.045-0.03 sec). 


For the stated motors, disregarding the series of terms in expres- 
sion (7) and solving it jointly with (9), we obtain a simpler, but 


928 
(3). 
kok | + 
a me aca me 
19° aa l 
(8) 
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extremely approximate formula for determining ky and T, from the condi- 
tion of stability: 


(10) 


A segment of the amplitude-phase characteristic W) (jw) in the region 
of the circle of the real circle diagram [-(0.3 to 0.6)], with a corres- 
ponding adjustment of these values to exclude the intersection of the 
characteristic W)(jw) with the circle with an index - 0.6, should pro- 
duce a more precise determination of ky and Ty, according to the margin 
of stability. Here use is made of a graphic structure for the values of 
ky and T, obtained from (10). 


However in the case under consideration it is possible to obtain a 
great number of solutions with different values of ky and Ty: 


The values of ky and 7, should be selected by analysing the nature 
of the control system. 


As has already been noted, when analysing the nature of the control 
system a periodic load effect in the form of a single torque impulse is 
observed. Here the time between the effects is assumed to be consider- 

ably greater than the duration of the transient process in the electric 


drive. 


The amplitude-phase characteristic of a closed control system in the 
presence of a disturbing influence is determined by the expression 


Bk kT + 1) 
kT aq (io)? + jot! (Tia +1)? 


V (jo) = (11) 


where k, = kr J - transmission factor according to the disturbing 
influence; 
r_ — impedance of motor’s armature circuit; 
I, — motor’s current rating; 
8 =AM/M, - variation ratio between the load torque and the 


nominal torque of the motor. 


From (11) we obtain an expression for the real characteristic 
according to the disturbing influence. 


— 
kT 
a. me kK aa - 
“parr = 0,9. 
maT ma’ « 
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The characteristic P,(@) has a triangular form with a maximum P,, at 
the angular frequency o,» Find the derived expression (12) P'(w) and 
equate it to zero. 


Here we obtain two equations which connect the values of P,, and «, 
with the parameters of the circuit including the adjusting device: 


« 


me aa” 


Expressions (13) and (14) are substantially simplified for high- 
speed systems (where iy 2% 50). Then with permissible accuracy (up to 10 
per cent) it is possible to disregard the term (k aPy/KyT, )? in formulae 
(13) and (14). 


Here we obtain the following expressions for P,. and @, 


kk 


me aa 
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For a synthesis of the circuit under a disturbing influence it is 
essential to connect the criteria of the intermediate process — admiss- 
ible “jump” of the motor’s deflexion angle, the maximum deviation of 
the running speed Any, and the time of the intermediate process tp, with 

) 
the values of Ppy and ,, 


To simplify the synthesis of a system according to the disturbing 
influence we shall substitute the characteristic P fe) by an isoceles 
triangle with a height P,| with @ and the gradients x, = 0.5 and 


x, = 0. 

As calculations which have been carried out, of a large number of 
electric drives have shown, permissible error here does not exceed 
10-15 per cent. 

For the accepted characteristic P(w), it is possible to discover 
the connexion between Mn, t, and Py, 

a(t)= (4) — (0.5t) + 


7 (cost — 2cos 0.5¢ + 1)| 


Fase - 2Si(0.5¢) 


(cos t — 2cos 0.5t + 1) dt. (18) 


Using the tables of h-functions [4], it is possible to find the 


expressions: 
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FIG. 4. Main circuit of the electric drive for the 


saddle of a heavy vertical boring machine, 


value of letermined according to formula (22) we shall 


for the required quality, depend- 
luene e, I substituting into formula (16) all 
e value of ly ust ensure the requisite margin 


| system (expression (10)) at a detinite 
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value of ky determined by formula (23). 


Example. The main circuit of the electric drive for the saddle of a 
heavy vertical boring machine is produced in Fig.4. 


The electric drive must satisfy following requirements: 


a) A range of variation in running speed with a constant torque on 
the shaft of the motor of D = 200; 


b) The maximum torque M. = 0.9 kg.m; the torque on the shaft of the 
motor with sling travel of the saddle amounts to 0,22-0.33 kg.m 


QM = 0.11 kg.m); 


c) The permissible instability of the motor’s running speed must not 


be more than + 5 per cent; 


d) The permissible “ jump” of the motor’s deflexion angle a, which 
corresponds to the variation of the moment AWM = 0.11 kg.m must not be 
more than 2°; the maximum permissible deviation of the speed On, ¢ 0.5 
1 (it is desirable, that the magnitudes of Ly and \niy are reduced 


min 
as much as possible). 


5 selected: = 2200 
A motor of the PN-28.5 type is selected 2. an * 


rev/min, = 290 V, = 1,86 ke.m; 
= 22 A. 
an 
At lower running speeds I, = 13.3 A, Mor * 1.05 kg.m, nop = 2400 

rev/min, c, * 0.083 V min/rev, Cy * 0.08 kg. m/A, Ties = 0.016 sec, 
T.. = 0.068 sec, k 12 rev/V.min. 
ac m 


\ booster of the EMB 25 type was selected for the possibility of 


experimentally verifying the results of the tests: = 2.5 ki, 


yn 
= 230V, I. = 10.9 A, = 3.2 
yn an y 


The amplification factor of the DB at voltage determined by the no 


load characteristic in its initial stage, ke = 15. 


4 tachogenerator of the TWGZ0P type (250 V, 4000 rev/min, 
ky = 0.0625 V min/rev) was installed on the shaft of the motor and a 


semiconductor booster of the LPP] type with k,, = 320 was used. 


The ampli fa ation factor of the contro! systern equal led 


b= kk k kk. = 320 x 15 x 12 x 1 x 0.6256 600. 
P’y a pT 
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We shall not calculate the running speed of the motor when its 
excitation load and current vary and when the windings of the machine 
are heated, since with & = 3600 it is insignificant, as has been con- 


firmed when testing the circuit. 


The instability of the running speed of the motor when the temper- 
ature of the environment of the semiconductor booster varies by 30 


(according to technical regulations \t IN” 50 W): 


SU; 
6.5% (+ 3.20%6e) (24) 


When the experiment was carried out 1t was found that ¢ IN * 30 VV and 


2 per cent. 


We shall produce a synthesis of the correcting devices for the con- 
trol svstem from the quality characteristics. We shall assume that 
Lp 2° and f ny * 0.5 a, ate * 0.5 x 12 = 6 rev/min. 


By formulae (21) and (22) we determine. 


We find: 


we assume ky s 0,2. 


According to the conditions for the margin of stability 
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i” 


FIG.5. 


0.200.068 (7, — 0,016)? 
> 05; 
1240. 


T,, > 0.082 sec. 


We assume Tx = sec. 


We shall construct the amplitude-phase characteristic W)C) with 


ky = 0.2 and Ty = 0.1 sec for a, > 42 [Fig.5): 


kt, (T + 1) 
= 
1200. 0625 (0.1 ja + 1) 


It is possible to increase the rapid action of a system, having 
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FIG.6. Speed variation curve when the 
motor is connected. 


4n,=380rev/min 


| 


rev/min 


a.min 


FIG.7. Speed variation curve when the motor’s 


load increases suddenly (AM = 0.11 kg.m; 


n = 12 rev/min), 
a.min 


536 | 

min 
10 
as 

| 

t 
0 02 see 1960 


The electric drive of heavy machine tools 


12 rev/min 


1A} 


rev/min 


FIG.8. Oscillograms of the transient process for 
speed (n) and current (J) of the motor. 


a - with the motor connected; 
h - with a sudden increase of the load of the 
= 0 = 2 
motor (4M ll ke 12 rev 


min). 


reduced ky to the intersection of the curve W (yo) with the circle of 


the real characteristic with an index - 0.6 (ky = 0.175, Ty = 0.1 sec). 


Ry using the method of trapezoidal characteristics we shall con- 
struct a curve of the transient process of the running speed when the 
motor is connected, [Fig.6]. The time of the transient process 


¢ = 0.12 sec. 
y 


We shall construct a real characteristic of the closed system under 


a disturbing influence (Formula (12)}. 


Furthermore, by using the method of trapezoidal characteristics, we 


calculate the speed variation curve at the load torque impulse 


Oo 


= 0.11 kg.m We obtain = * 0.3 ois * 3.8 


rev/min; ty = 0.08 sec. 
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The oscillograms of the transient processes of a control system on 
connexion and when the load suddenly increases (4M = 0.11 kg.m; 
®. ot, ° rev/min) are produced in Fig.8. It follows from a compar- 
ison of the curves of the transient processes in Figs.6 and 8a and also 
in 7 and 8b, that the calculations are entirely confirmed by results of 


testing the control system. 


Conclusions. 1. The EMB-motor control system which has been devel- 
oped with a feedback according to speed across the intermediate semi- 
conductor booster and with a parallel correcting connexion ensures the 
required stability of running speed, high quality of transient proces- 
ses and sufficient operational stability with wide ranges of control of 
the running speed of the motor (1:200 and more). 


Simplicity in adjustment of the circuit and the high reliability of 
its performance are ensured by the minimum number of feedbacks, the 
absence of switchings in the control process and the small number of 
variable eiements. 

2. It is expedient to increase the amplification factor of the links 
of the semiconductor and dynamoelectric boosters, embraced by the para- 
llel correcting connexion both to reduce the instability of the running 
speed as wel! as, in the main, to improve the quality of the transient 


processes. 


3. The proposed method of synthesis of the correcting devices 
ensures a simple calculation with sufficient accuracy for engineering 


practice. 


Translated by J.F. Boyland 
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Physical modelling makes it possible to examine the picture of inflex- 


ibility and the characteristics of the oscillatory process in such a 
complicated (as far as construction is concerned turbo-generator ele- 
ment as its stator housing. This complication is caused ty the fact 
that the base of the shell is a box-like system with sharp variations 
in cross-section due to the presence of apertures in the lateral walls, 


Fig.l. 


A separate study of the question of inflexibility and vibrostabi lity 
of the shell and the core of a stator is justified by the fact that the 
resulting frequencies of the resilient system can generally be found as 
a function of the inflexibilities and natural oscillation frequencies. 
These are determined for the shell and for the core separately. 


In the work under consideration the task has been to investigate 
the mechanical characteristics of shells on models, these being machine 


elements which do not vield sufficiently to accurate calculation. 


Basic principles of modelling. One of the main conditions in the 
design of a shell is to obtain a ratio of dimensions which would 
exclude the possibility of the emergence of resonance caused by the 
coincidence of frequencies of different forms of natural oscillations 


of the shell with frequencies of disturbing forces,.dependent on 


* Elektrichestve No.10, 43-45, 1959. 
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FIG.1. Model (No.9) of the stator shell 
turbo-generator of 200 VW capacity. 


of a 


casing; 
- lateral wall; 
- strengthening ring; 
- support foot; 
base; 
gas pipe; 
aperture in lateral wall 
(diameter d) 


mechanical and electromechanical phenomena. 


Natural oscillation frequencies of a circular equivalent ring of 
constant inflexibility with its mass evenly distributed around the cir- 
cumference, (a possible way of constructing the shell), are determined, 
as is known [1], 2], by the formula: 


where c — coefficient, depending on the form and order of the free 
oscillations, and also on the type of connexion of the body 
to the base; 


R — radius of the neutral line of the shell, cm; 
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F — dynamic elasticity modulus of the material, kg/cm; 
- moment of inertia of cross section of shell relative to the 
neutral axis, 
mass of shell on | running em of length of circumference; 
area of cross section, cm*; 
specific weight, kg/cm’; 
981 cm/sec”. 


the presence of alternating disturbing forces acting symmetric- 
ally in a radial direction relative to the shell’s axis with a number of 
waves equal to i, the coefficient c is determined by the formula; 


i 


i? +1 


"4 (2) 

Owing to the bipolar turbo-generator design, the number of waves of 1960 
disturbing forces i = 2. We shall call this form of oscillations basic. 
In this case formula (1) can be reduced to the form: 


where G — total weight of shell, kg. 


The basic condition for modelling is that the natural oscillation 
frequencies of the medel should be close to the original. 


The coincidence of the natural oscillation frequencies of the model 
and the original, besides the true picture of an oscillatory process, 
ensures the possibility of investigating oscillatory processes by means 
of the usual vibro-measuring equipment. 


The relationship between the natural oscillation frequencies of the 
model and the original of appropriate order can be obtained from form- 
ula (la): 

kek, 


k, 


The scale coefficients are determined by the formulae. 


Ror’ 


| (3) 
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(4) 


where Y - specific weight of material; (index “M” refers to the model, 
index “OR” to the original) 


With the condition of geometrical similarity between the model and 
the original and a coefficient of the linear scale k, and a coefficient 


of density scale for the material k., we have 


=k kp. | 


After substituting (5) for (3) we obtain: 


(6) 


Models made of steel in the scale 1/4-1/10, as is seen from rela- 
tion (6), depend on the values of natural oscillation frequencies which 
exceed similar values of the frequencies of the original by 4-10 times. 


This does not satisfy the established conditions for modelling. 


The most suitable materials for constructing models are plastics, 
= 1/6) 


having an extremely low elasticity modulus value, (Rp = 1/40, k, 


The following relation can be employed for approximately selecting 


the dimensions of a model made of organic glass. 


(6a) 


The shell of a 200 WW turbo-generator was selected as the object of 
tion. For investigating radial inflexibility and vibrostabil- 


investiga 
ity, models at a scale of 1:6 were made corresponding to one and two 


sections of the stator’s shell, (Fig. 1). 


The influence of apertures in the lateral walls of strengthening 


rings on inflexibility and vibrostability was investigated as well as 
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the influence of interconnexion of the lateral walls of the shell. 


In order to verify the accuracy of modelling, steel models of the 
shell at a scale of 1:2 were made (called dummies below). These have 


been subjected to similar investigation. 


Method of investigation. An investigation of the static inflexibil- 
itv was carried out by a method of loading the ring with two diametric- 
ally opposed forces by means of loads (for the models) or a tractive 
device (for the dummies), consisting of a cvlindrical bar with nuts at 
each end. The said bars supported tensometers (devices for measuring 
deformation of loaded mechanisms), which at the same time measured the 


variations of the vertical d, and horizontal d,. diameters of the inner 


central aperture, Fig.1. 


Excitation of the oscillations of the models were accomplished by 
1960 


one of the following methods: 


a) by tightening the ring along the diameter and by releasing 1t 
suddenly by cutting a tightening thread. Here the ring (model) rested 
on feet or a low support. The ring was also suspended in the horizontal 


plane in order to exclude the influence of the reaction of the support, 


b) by striking the model on the casing in the radial direction. 
Here the model rested on feet or a low support or was suspended in the 
hroizontal plane; by this method oscillations were excited in the dum- 


mies, resting in 4 horizontal plane on special stands; 


c) by means of an electro-magnetic vibrator, connec ted to the model 
at an external point, and causing @ multiplicity of forces of arbitrary 


direction with a frequency range of 40-2000 c/s. 


This multinodal oscillations arose, of which the quadrinoda| (oscil- 


lations) with a number of waves t = 2 were the most pronounced and 


therefore present the most interest. The oscillations were recorded by 


means of an oscillograph and electromagnetic and tensometrit devices. 


The following models (dummies) with strengthening rings were veri- 
fied by a study ol inflexibility and vibrostability. 

(a) No.1, Fig.1] without apertures In the lateral walls; 

(bh) No.2 with apertures, d@ * 50 (150) mm* (the model was not test- 


ed); 


* Numbers in round brackets (also in Tables 1 and 2) refer to dummies made of 


steel 


| 

| 


Rigidity and vibrostability of an electrical machine’s stator shell 545 


(c) No.3 with apertures, d 
(d) No.4 with apertures, d 


67 (200) mn; 
80 (240) mm. 


Furthermore, models (dummies) without strengthening rings were 
investigated: 

(a) No.5 without apertures in the lateral walls; 

(b) No.6 with apertures, d = 50 (150) mm; 

(c) No.7 with apertures, d = 67 (200) mn; 
80 (240) mm. 
Models (dummies) Nos.1-8 were made without supporting feet. A model 
(variant No.9) with supporting feet, strengthening rings and apertures 
in the lateral walls with a diameter d = 79 mm was built to study influ- 


(d) No.8 with apertures, d 


ence of supporting feed, Fig. 1. 


Each of the two groups of variants Nos.1-4 and Nos.5-8 were con- 
structed on the basis of one model (dummy) by successively boring aper- 
tures with the diameters d = 50; 67; 80 (d = 150, 200, 240) mm. Models 
Nos. 1-8 correspond to one section of the stator’s shell, i.e. have one 
lateral wall [section AO, Fig.1], whilst dummies Nos. 1-8 correspond to 
two sections of the shell. 


Results of experimental investigation*. The results of studying 
inflexibility and natural oscillation frequencies of the second series 
of models (dummies) are collected in Table 1. 


In Table 1 it is specified that: K, = P/8, = EJ/a,R° is the inflex- 
ibility of the ring [3], i.e. the variation of the diameter of the ring 
d.(i = 1; 2; a, = 0.149; a, = 0.137); 8, is the deformation of the dia- 
meter dy; do is the deformation of diameter dy (Fig. 1); K, is the 
inflexibility of the ring in the direction of the vertical diameter dy; 
K, is the inflexibility of the ring in the direction of the horizontal 
diameter d,; f is the natural oscillation frequency of the second order 
of the model (dummy), determined experimentally: f, is the natural 
oscillation frequency of model (dummy), calculated [formula (la) ] 
according to the average experimentally determined inflexibility K. 


The calculated values of K, and f for models (dummies) with aper- 
tures in the lateral walls, determined in accordance with the hypothe- 
sis of plane sections, are extremely close to the values calculated 


without taking the apertures into consideration. 


Tests were carried out on mode! No.9 with feed to examine the 


* V.K. Ferroni and V.N. Cherevatov took part in the experimental investigations, 
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TABLE 2. 


K, % % 


Calculations Test Calculations Test 
| | 
Ne |, without holes} 100(i00) | 68.3(68.4) | 100(i00) | 82.3 (82.4) 
M 58 ao = | (47 9) | . (71.8) 
Ne 3, d = 67 (200) me a 31.1 (31.4) | | 60.0 (60.3) 
Ne 4, d = 80 (240) am _ 16.8 (16.5) 45.3 (44.8) 
NM 5, without holes!) 100 83.5 100 (1.00) 93.8 93.6) 
Ne 6, d= 50 (150) am | on | 62.4 (61,8) inns 82.7 (83.2) 
Ne 7, d = 67 ,.200) | 44.0 (44 0) 73 .8(73.8) 
Ne 8, d = 80 (240) aw 24.7 (24.1 | - 58.0 (57.6) 
9, d=79 am 100 22.5 109 47.3 


influence of feet on inflexibility and natural oscillation frequencies, 
Fig.l. Static and dynamic loads, and also measurements of deformation 
and natural oscillation frequencies were accomplished by the methods 
described above. 


The average experimental inflexibility of model No.9 (K, = 736 
kg/cm; K. = 930 kg/cm) amounts to 22.5 per cent of the calculated 
inflexibility. The natural oscillation frequency of model No.9, determ- 
ined according to formula (la), equals 224 c/s on the basis of inflex- 
ibility discovered by experimental means, i.e. it practically agrees 


with the experimental value of the frequency (222 c/s) and amounts to 


47.3 per cent of the calculated frequency, Table 2*. 


From a comparison of the inflexibilities of models Nos.9 and 3, in 
which the average experimental inflexibility amounts to 16.8 per cent 
of the calculated inflexibility, it follows, that the inflexibility of 
model No.9 with feet is considerably greater than the inflexibility of 
a model without feet (1.34 times). However the natural oscillation fre- 
quencies of the second order of these models under one and the same 
conditions, i.e. in a suspended position, differ insignificantly (the 
oscillation frequency of model No.9 is 5 per cent greater than the 
oscillation frequency model No.3), which is explained by the influence 


of the weight of the feet. 


However, when the supports are rigidly connected to the base, the 
influence of the indicated connexion is more significant. Thus, when 


* Models (dummies) Nos.1-4 shown in Table 2 are built with strengthening rings 
without feet. Nos.5-8 without strengthening rings and feet; No.9 - with 

strengthening rings and feet. K and f are the inflexibility and frequency of 

model (dummy) respectively. 
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FIG.2. Oscillogram of free oscillations of model No.4. 


changing over from elastic (organic glass) to rigid (steel) supports 

the basic form of natural oscillation frequency increased from 220 to 

350 c/s, i.e. by 1.6 times. 

1960 
The typical oscillograms of the oscillatory processes of mode! No.4 


and dummy No.3 respectively are produced in Figs.2 and 3. 


Increased unit output in machines is linked with an increase in the 
geometrical dimensions of the stator. When the geometrical proportions 
in the dimensions of the shell are preserved, as is evident from form 


ula (6), this circumstance leads to a reduction of the natural oscilla- 


tion frequency in inverse proportion to the increase in the scale coef- 


ficient k,,. In machines of maximum output the natural oscillation fre- 
quencies approach 100 c/s, (frequency of constraining forces). There- 


fore it mav be advisable in such cases to have “flexible” shells to 


avoid excessive expenditure of metal. 


In order to examine the reason for the sharp reduction of the 
shell’s inflexibility, a study was made of the stressed state of a 
plane model of the lateral wall of the shell (scale 1:32), made of 


transparent celluloid, loaded with two diametrically opposed forces 


(P = 9 kg, Fig.4). 


Analysis of the picture of the stresses along the contours of the 
ring and apertures and also in the radial sections I and II, points to 
the extremely complex nature of their distribution. However, a compar- 


ison between the values of stresses in a ring with apertures and the 


calculated values of stresses for a ring without apertures and the 


nature of the distribution of the stresses in sections I and II, as 


well as the comparison of the nature of the stresses in the tie-members 
hetween the external contour ol the ring and the aperture and between 


the aperture and the internal contour of the ring, leads to the 
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f=217 c/s 


FIG.3. Oscillogram of free oscillations of model No.3. 


following interpretation of the elastic system for a ring with aper- 


tures. 


A ring with apertures operates partially as a complete ring (with- 
out apertures), and in this case the hypothesis of plane sections 15 
true. On the other hand, a ring with apertures operates as an elastic 
system, comprising two concentrically situated rings (external K, and 


internal Ki), which are inter-connected by elastic tie-members P. 


The following simplified analogy can be produced to help to explain 
the physical picture of the phenomenon indicated. 


Fig.5a shows a composite beam, comprising 2 bars 8, and B,, inter- 
connected by absolutely inflexible wedges (splines) S. The dimensions 
of the wedges are sufficiently small, but there 1s 4 large number of 
them. In this case the distribution of stresses in section xx under the 
load P has a form A, and the inflexibility A,,) of the indicated system 
of the bars is proportional to h®; the system of the bars operates as 


one beam. 


The distribution of stresses in section xx of a system, comprising 


two bars without wedges (splines) is represented in Fig.56 [form B). 
In this case the bars of the system operate independently of one 
another, and the inflexibility Kp of this system which is proportional 
to the value 2(h/2)°, is four times less than the previous inflexibil- 


ity. 


The distribution of stresses (Fig.5b, form C) in section xx of a 
system, comprising two bars interconnected by elastic elements (EE), 18 
of the same character as in the case of the distribution of stresses 


in sections I and II of a ring with apertures (both the stresses 


j ij i} i] | 
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72 ke/cm* 


FIG.4. Distribution of stresses in lateral wall 
of shell, obtained by the optical method. 


change sign from “plus” to “minus”). It 1s evident that the inflexibil- 


ity Kip) of such a system lies in the gap between the values of K/,) = 
Kip): The rigidity of the elastic elements (FE) imitates the rigidity 
tie-members II] in a ring with apertures, like elastic elements which 
themselves deform and transmit the influence of the internal and exter- 


nal rings to one another by means of tangential and radial forces as 
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FIG.5. Distribution of stresses in contilever brackets. 


well as torques. 


The problem of quantitatively evaluating by analytical means the 
inflexibility of a ring with apertures was not examined in the case 
under consideration and must be the subject of special investigation. 


Conclusions. 1. In order to evaluate the inflexibility and vibro- 
stability of a stator shell for a heavy-duty turbo-generator, use may 
be made of a method of physical modelling. This is confirmed by the 
comparison of the results of investigation on models and large steel 
dummies, which are close to the original. With this method error does 
not exceed 5 per cent, which is entirely satisfactory for practical pur- 


poses. 


The construction of elastic models of sufficiently small dimensions 
and with low natural oscillation frequencies of the basic form enables 
the static and dynamic loads of models and also the measurement of 
deformation and natural oscillation frequencies to be realised without 


particular difficulty. 


2. The investigation on models detected the presence of the consid- 
erable discrepancy between the calculated and experimental values of 
the inflexibility and natural oscillation frequencies of shells with 


perforated lateral circular walls for their reduction. 


\a) 
= 
B 
(b) 
7 
(c) B, 
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3. An additional investigation into a ring by an optical method 
explained the physical picture of the distribution of stresses and en- 
abled it to be established that the reason for the sharp reduction of 
the shell’s rigidity is the change of the qualitative picture of the 
stressed condition of the ring caused by the presence of apertures in 
the lateral wall of the shell. 


4. As investigations on the medel have shown, the natural oscilla- 
tion frequency of the shell depends to a considerable degree on the 
inflexibility of the base and on the means of fastening the shell to it. 


5. The investigation explained the expediency of using a “flexible” 
shell, i.e. with a natural oscillation frequency of the basic form low- 


er than the frequency of the exciting forces, (100 c/s). 


Translated by J.F. Boyland 
1960 
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MODELLING THE ELECTRIC DRIVE FOR THE PROPULSION 
INSTALLATION OF THE ATOMIC ICE-BREAKER “LENIN’’* 


SAKAYEV 


L.V. MAZIIA and F.Sh. 


(Received 28 May 1959) 


The experience of Soviet and foreign engineers in designing electric 
drive systems shows the expediency of calculating the non-stationary 
conditions of complicated electric machine systems by using computing 


machines of the analogue or digital type. We give in this article the 
results of investigations of the operating conditions of the automatic 


electric drive for the propulsion installation of the atomic ice-breaker 


“Lenin”; these investigations were carried out on the universal \W-8- 


t 
type electronic simulator . 


The electric drive system of the ice-breaker has already been des- 
tt 
‘ee 


cribed in detai 


Fig. 1 shows the principal circuit for speed control of the propel- 
ling motor for which the calculations have been performed. 


Two-stage dynamoelectric amplifiers, DEA, with a longitudinal field 
and self-excitation were used as exciters for the generator G and motor 
M; they will be further denoted by EG and EM. 


The dynamoelectric amplifier of the generator has three control 
windings: master winding QW; stabilizing winding GSW, and the fixed 
main current negative feedback winding, GFW. 


The dynamoelectric amplifier of the motor has four control windings; 


* Elektrichestvo, No.10, 56-62, 1959. 
t N.V. Viladimirov took part in the work of designing the electric drive simu- 


lator. 
tt See the article of V.L. Bershadskii, V.K. Kalashnikov, V.V. Kriazhevskii and 


G.A. Popov in this issue, p.50. 
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FIG.1. 


master winding “®™: the fixed DEA voltage negative feedback winding VFW; 
the flexible DEA voltage negative feedback winding VFW; regulating wind- 
The last winding is connected in such a way that current flows 

in two cases: when the generator DEA voltage is greater than the 


rated voltage and for the reverse polarity of the DEA voltage. 


Speed control of the propelling motor 1s exerted by varying the 


voltage of the generator DEA master winding. Reversing 1s performed by 


of two contactors F and B an the circuit ot the \AM windings. 


The load « haracteristics of the prope! ler screw lies between two 
limiting curves, one ol! ich corresponds to the propel ler working when 
the ship 15s tationary (mooring characteristi ) and the other — to the 


propeller working when Che is moving in open water. 
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In investigating the transient processes in the electric drive of 
the propulsion installation for the ice-breaker the following operation- 
al conditions are usually considered: the start with the ship immobile, 
the reverse motion for the immobile ship, reversing when the ship is 
moving in open water. It is also interesting to consider the systems 
emergency conditions and certain conditions of adjustment. 


The system transient processes should satisfy the following require- 


ments: 


1. The maximum value of the current in the motor armature circuit 
should not exceed 1.5 times the current rated value (I, = 6400A). 


2. The period of starting, till the motor acquires its rated speed 


of rotation, (@,) should not exceed 12-15 sec. 


3. The period of reversing from + @, to - @, should not exceed 30 
to 40 sec. 


4. The absence of conditions for energy recuperation. 


The following problems were encountered when investigating the non- 
stationary operating conditions of the ice-breaker’s electric drive. 
During the designing stage, tests were carried out on the electronic 


simulator: 


a) to find out the methods for the stabilization of the system and 


to determine the parameters of the stabilizing transformers; 


h) to choose the parameters of the fixed and flexible feedbacks, 
the value of the cut-off voltage, and the relations between the volt- 
ages of the RA controlling windings, which would ensure both the 
required character of the transient process and the speed of the motor 


rotation under various transient conditions; 


c) to determine the system’s currents and voltages under adjustment 


and fault conditions. 


Initiel equations. Transient processes 1n the drive in question are 
lescribed by a system of non-linear differential equations, containing 
vroducts of variables in expressions for the motor e.m.f, and torque. 
In the system, the non-linearity of the magnetizing curves of electric 


machines is taken into account. 


Equations for a two-stage DEA with a longitudinal field are given 


— 
alll al : 
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[1, 2]. Assuming that the armature reaction due to the amplifier first 


stage currents is compensated, we may write these equations in the fol- 
lowing form (we neglect the mutual inductance of the DEA control wind- 


ings). 


Equations of the generator LEA: 


1960 


Equations of the motor DEA: 
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Jt is necessary to point out that: 


for 60 for E,,<0; 


60 


8==0 for <U |; 6=0 for £,, >. (B) 


Equation of the circuit of the generator excitation winding (the 
exciter feeds the two series-connected excitation windings of the two 


generators): 


iz 


E 


| 
ir U 


Equation of the circuit for the generator excitation winding: 


d® 
uM Pym y 


The generator and motor magnetizing curves are given graphical ly: 
(13) 


The generator e.m. f: 


(14) 


Equation of the armature circuit for the generator-motor system, 


two series-connected generators are connected to one armature of the 


motor; 


rk t dt 7) 
= 8 
Ey, R.. dt (8) 
9 
by = baa (9) 
| am 
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(15) 


The equation of the equilibrium of moments on the motor shaft (the 
two-armature motor drives the propeller screw). 


Moment produced by one armature of the motor: 


(17) 
MA 
The dependence of the static moment of the motor shaft on the speed 
is determined by the following relations: under the mooring conditions 


and the conditions of motion in open water respectively: 


( 
and M, 


if 


if (18) 


linder the conditions of reversing in open water this relationship 


is given graphically: 
(19) 


The processes in the stabilizing circuits are described by the equa- 
tions derived in assuming that the stabilizing transformers are not 
saturated, that there is no dissipation and the load is of purely ohmic 
character [3]. With these assumtions we get for the stabilizing circuit 


of the generator DEA: 


+. om 
G 4 
2M --M 74 
id df 
1960 
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(23) 


Simulator of the electric drive system. Rearranging equations (1)- 
(23), inserting the numerical values of the coefficients and introduc- 
ing the scale factors we can obtain the system of equations suitable 
for the solution on the simulator. The time scale in the simulator is 


increased ]0 times. 


Fig.2 shows the block-diagram of the set of computing elements. In 
the simulator of the electric drive system the following equipment was 
used: 9 integrating amplifiers, 23 summing amplifiers, 34 constant 
coefficient units, 3 product units, 5 non-linearity units, 4 sign- 


determining units. 


In the simulator network the following properties of the drive 


question are taken into account: 


1. for w < 0 the sign of the static moment changes, 


9. in the process of reversing, the signs of the motor DEA e.m.f. 


and of the motor magnetic flux are changed, 


3. for large current shocks in the generator-motor circuit, the 
sign of the generator DEA e.m.f. 1s changed under the action of the 
negative feedback, and the regulating winding of the motor DEA comes 


into operation. 


4. In addition current flows in the motor DEA regulating winding in 
the case, when the generator LEA voltage exceeds the value of the com- 


¢ ave o > t > > neter PR 
parison voltage given by the potentiometer _#A 


4 — 
559 
where 
4 RR, 
| Ms R, j R, 
The equation of the stabilizing circuit of the motor DEA: 
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FIG.2. 


(Continued on next page) 
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The changes of sign of the motor DEA e.m.f., of the motor magnetic 
flux and of the generator DEA e.m.f. were accounted for in setting the 
problem by placing four graph quadrants 


G 


on the selector field of the non-linearity units. The performing of the 
operations of conditional transfer, which correspond to the variation 
of equation (18) with the change in sign of w and of equation (6) due 
to the addition of terms, containing coefficients © for E,, < 0 and 
for E,. > U,,, 18 done by means of special units BS - I, BS - II, 
RS - III which in the WN —- 8 installation are called sign-determining 
units. (4). 

1960 


The constants for the initial conditions in the problem of starting 
are given zero values. The steady-state values of the variables, 
obtained in solving the problem of starting, are taken as the constants 
of the initial conditions in the problem of reversing, 


We shall now give the results of the investigations of the electric 
drive system for the ice-breaker obtained by using the electronic sim- 


ulator. 


Choice of parameters of the stabilizing feedbacks. The investiga- 
tions showed that without the stabilizing feedback the system is unsta- 
ble. The natural frequency of oscillation of the system is equal to | 
c/sec. The system can be stabilized by connecting differentiating trans- 
formers to the armatures of the generator and motor [EA’s. The second- 
ary windings of these transformers are connected to the DEA control 
windings. However, the most common transformers of the types TS - 72-60 
and TS — 144-110 do not ensure the stability of the system. Parameters 
of the differentiating transformers should be such that the coeffic- 
ients © and u in the equations (20) and (22) should be equal to 196 and 
80 respectively. In this case the maximum current in the DEA stabiliz- 


ing windings should be about 0.5 A. 


In the case when an additional flexible voltage feedback for the 
generator is used, the coefficient « can be increased to 120, and this 
allows the use of transformers of smaller dimensions. The introduction 
of an additional flexible current feedback for the motor is very effic- 


1ent. 
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Curves of the transient processes under the drive operating condi- 
tions. It was found very convenient to choose the optimum relations of 
the voltages in the DEA control windings by using the electric drive 


system simulator. 


Figs.3 and 4 show the transient processes of the system under the 
conditions of starting and reversing. The time of the transient process 
for the start under the mooring conditions is equal to 10 sec.; for 
reversing uncer the mooring conditions -— 27 sec., for reversing in open 
water — 35 sec. The current in the motor armature circuit reaches its 


maximum value of 12,500 A when reversing in open water. 


The time intervals given above and the values of current were 
obtained for coefficients of proportionality between the generator DEA 
voltage F£,. and the voltage on the motor DEA regulating winding © = 0,2 
(for Ei >U ), & = 0.36 (for E,9 < 0) and for ratios of the voltages 
on the DEA master windings to the voltages on the windings of the fixed 


feedbacks, equal to: 
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A reduction of the maximum value of the current in the motor arma- 
ture circuit can be achieved by increasing the coefficient (a) of the 
fixed current negative feedback. However, as the recordings of the 
transient processes showed, this leads to an increase in the number of 
oscillations in the system, and when the ratio U (al, increases up to 
6/5), reverse current shocks appear. To reduce the magnitude of the 
maximum current when reversing it is advisable to reduce the fixed 
voltage feedback for the motor DEA (y). The change in ratio U,./YEs» 
from 3.5/2.5 to 1.25/0.25 brings about the reduction of /,,, from 


a 
20,000 to 12,500 A. 


During the investigations it was found that the voltage on the mot- 
or DEA regulating winding can be increased only within certain limits. 
For the values of the coefficients £ and © greater than 0.2 and 0.36 
the amplitude of the current oscillations under the conditions of 


reversing increases, and for and © equal to 0.75, the system becomes 


unstable. In examining the curves of reversing in open water we see 
that under these conditions the generator develops a propelling moment 
equal to approximately 10 per cent of the rated moment. The increase in 
the feedback between the generator DEA and the motor DEA, acting at 

b <0, up to the value corresponding to © * 0.5, excludes the possib- 


ility of recuperation. However, in this case, measures should be taken 


to decrease the inertia of the stabilizing devices. 


Control of the generator output. The circuit of the drive in quest- 


ion enables the output of the generator to be kept constant. On the 
simulator the problem of investigation of the operation of the 


the constant output was posed in the following 


system 


under the conditions ol! 


way. 


It is assumed that the system operates in mooring conditions. A 


sharp change in the character of load occurs: the mooring characteris- 


tic is replaced by a characteristi of motion in open water. It 1s 


first determined whether or not the action of the power regulator leads 
to oscillations in the system. The solution of such a problem permits 


the determination of the svstem’s behaviour with various irregularities 


in normal operating conditions, for instance, in the case of a load 


decrease due to the emergence of the pre peller screw from water, the 


loss of the screw blade etc. 
shows the results of the solution of the problem. It can be 


Fig.5 
in current when the load is reduced 


seen that the initial decrease 
leads to an increase in the generator IFA voltage above the rated val- 
ve. Due to this the mm. f. appears in the motor DEA regulating winding, 


which acts against the m.m.f. of the master winding. The motor magnetic 


J 
Sage 
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| 


flux decreases, the motor speed of rotation increases, and the armature 
current increases approximately to its previous value. The regulator 
stability for the coefficient 4 = 0.2 is not high. Inadmissible oscil- 
lations in the system do not appear. 


Investigation of the operation of the system under fault conditions. 
Two principal sets of fault conditions of the electric drive system are 
simulated: the case of voltage loss in the a.c. network and the opera- 
tion of maximum fault protection. 


The scheme of the supply system is designed in such a way that a 
deviation in the a.c. voltage brings about the loss of voltage in the 
master winding and in the winding of the fixed generator DEA feedback. 
The transient process in the case of the loss of voltage in the a.c. 
circuit is determined by solving the system of equations (1)-(23) with 
the initial conditions corresponding to the steady state values of the 
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variables under mooring conditions, and for Up, = al, = 0. It was found 
that the generator DEA voltage and the generator magnetic flux decrease 
slowly when the voltage disappears in the a.c. circuit, and this results 
in a slow decrease in the armature current and in the speed of the mot- 
or. The current in the motor armature for the chosen parameters of the 
feedback circuits does not assume a negative value. 


The investigation of the behaviour of the system in the case of 
operation of the maximum protection was carried out in solving the prob- 
lem of reversing under mooring conditions; at the moment when the cur- 
rent in the motor armature assumed its maximum value (12,500 A), cir- 
cuits - Up), aly, Uo, 8 and 5 - in the simulator were simultaneously 
broken. This corresponds to a system of protection which switches off 
the voltage on the bus-bars feeding the master windings of the motor 

and generator amplifier and switches off the regulating winding of the 
motor amplifier. The examination of the transient process so obtained 
showed that such a system is not satisfactory: after the action of max- 
imum fault protection, the main current continues to increase reaching 


inadmissible values. 


The test on the simulator of the system of protection, in which the 
excitation windings of the generator and motor are simultaneously dis- 
connected from the DEA and shortcircuited through a resistance, gave 
satisfactory results and hence this system was recommended for the use 
in the drive system of the propelling screws of the ice-breaker. 


Investigation of the operation of the system under the conditions 
occurring in adjustment. During the first period of adjustment per- 
formed on the ship when it is necessary to exclude current shocks in 
the motor armature circuit, it is advisable to connect the generator 
excitation circuit at a constant motor flux. The adjustment of the sys- 
tem stabilizing circuits should be done with the motor braked. Repro- 
duction of these conditions on the simulator showed that, in the case 
of starting the system at a constant motor flux, the armature current 
does not exceed the permissible value and increases aperiodically. The 
transient process for the braked motor has the same character as for a 
rotating motor. The maximum current shock is equal to 10,000 A, the 


steady-state current value is 8500 A. 


The accuracy of solution of the system of equations was determined 
by comparing the curves of the transient processes recorded on the sim- 
ulator with analogous curves calculated by using the automatic digital 
computer type M3. Comparison of solutions, performed for two operating 
conditions of the drive (start and reversing under mooring conditions) 
showed that the accuracy of solution given by the MV-8 installation is 
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3 to 5 per cent. 


Investigations of the operating conditions of the ice-breaker’s 
electric drive, performed on the electronic simulator, led to the con- 
clusion that the system chosen ensured the necessary characteristics of 
the electric drive. The results obtained on the simulator permitted the 
preliminary adjustment of the system during its mounting on the ice- 
breaker. The comparison of the results obtained on the simulator with 
the results of the real tests will be performed in the processes of the 


mooring and navigation trials of the ice-breaker. 


Conventional notations 


— master voltage; 
the motor armature current; 
coefficient of the fixed current feedback; 
voltage on the winding of the flexible feedback 
of the generator DEA; 
coefficient of proportionality between the con- 
trol winding flux and the DEA m.m. f. ; 
resistance of the circuit of the DEA control 
winding; 
proportionality factor between e.m.f. and flux 
of the first stage of the LEA; 
number of the turns of the DEA control winding; 
e.m.f. of the LEA first stage; 
number of the pole pairs of the DEA first stage; 
resistance of the circuit of the excitation 
winding of the DEA second stage; 
current in the excitation winding of the DEA 
second stage, reduced to the number of turns of 


the self-excitation winding; 


Pyo and number of the pole pairs and number of turns for 


a pair of poles of the DEA second stage; 

and resistance, number of turns for a pair of poles 
and current of the DEA self excitation winding; 
respectively; 
e.m.f. of the DEA second stage; 
the coefficient of the fixed voltage feedback 
for the motor DFA; 
coefficient of proportionality between the gen- 
erator DEA voltage and the voltage on the reg- 


ulating winding of the motor DEA for FE, > | 


co’ 
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6 - coefficient analogous to 8 but for Bio < 9; 
voltage of comparison; 
Tow Pear “Gir % and — resistance, number of the pole pairs, number of 
l turns, flux and current of the generator excit- 
ation winding, respectively; 
yr Py» Py and ly - the same for the motor; 
— generator e.m. f.; 
- coefficient of proportionality between the gen- 
erator e.m.f. and its flux; 
R, and I, — resistance and current in the motor armature 


G 


circuit; 
@ — speed of the motor (of the propeller screw); 
coefficient of the motor e.m.f.; 


M and M,, — torque on the shaft and the motor load torque; 

coefficient of the motor torque; 

- coefficients of the load static torque; 

J — the total moment of inertia of the motor and 
propeller screw together with the water drawn 
around; 

R, Ly. Ry and Lo — resistance and inductance of the primary and 
secondary windings of the stabilizing transform- 
er; 

ry) and ry2 - resistance of the flexible feedback windings of 
the generator DEA and motor DEA, respectively; 

- current in the secondary winding of the stabil- 


izing transformer. 


Indices “1” refer to the generator DEA, indices “2” -— to the motor 


Translated by S. Szymanski 
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ABSTRACTS FROM PAPERS PUBLISHED IN ELEKTRICHESTVO 
No.10, 1959 


Selection of power parameters for electrical equipment and drives with 
due account of the system. I.A. Syromiatnikov 


In order to improve the methods of economic analysis when planning new 
power installations, power and electrical equipment and electrical 
drives, and ensure that they are used in practice, the author advocates 
that the calculations be based on the length of time taken to recover 
the capital and running costs. Vinimum total cost for the given output 
should be the criteria for planning. Estimates are generally based on 
current prices. Examples of the method are given in reference to syn- 
chronous generators, motors and transformers. 


Consideration of the time differences in capital and current expenditure 
when comparing alternative schemes for power construction work. L.A. 
Baag and S.N. Zakharov 


A method of economic analysis is proposed for the case when future 
demand is uncertain and it has to be decided whether to compare the 
probable total cost of the installation as it is likely to be or the 
total outlay over a period of years with the cost of an alternative 
installation for planning the development of the power system. The 
problem turns on the general reduction in costs throughout the economy, 
The authors advocate the speediest possible rate of development. 


Load unbalance in low voltage urban distribution networks. A.A. Tushina 


Asymmetry in phase load leads to additional power losses (especially in 
networks with a neutral conductor) and voltage asymmetry at the points 
of consumption. It has been found that this unbalance is not stable in 
magnitude and also changes from phase to phase. Theoretical proposi- 


tions are put forward to support the view that unbalance is reduced in 


closed networks and experiments are described which corroborate this 
theory. Indices to calculate the degree of unbalance are given in an 


appendix. 


1960 


Abstracts 


Transients in negative sequence filters. M.P. Zlatev, A.S. Kozarev and 
S.L. Farkhi 


A study is made of the effect of electromechanical transient processes 
in a filter-relay system on the working of the protection gear in the 
presence of short circuits. A method is proposed in order to establish 
criteria for the selection of the filter parameters and adjust the 
scheme so that the zone of protection can be increased. The filter- 
relay system should ensure protection against asymmetrical faults and a 
three phase short circuit within a definite zone of protection. The 
operation of the relay causes electromechanical transients. The charac- 
ter of these transients depends on the electrical parameters of the 
system. The proposed method is based on the connexion between the mech- 
anical parameters of the relay and the length of the protection zone 
whilst the electrical transient process depends on a qualitative factor, 


(the electrical parameters). 
960 


Transients in a three-stage direct field rotary amplifier. P.V. Kuro- 


pathin 


The use of dynamo-electric amplifiers with a longitudinal field as the 


main exciters in automatic control systems is studied in reference to 


transient processes in a three stage amplifier on no load. A simplified 


graphical-analytical method is proposed for calculating transient pro- 
cesses which takes due account of the saturation of the magnetic system. 


The mechanical characteristic of a three phase induction motor with 


asymmetrical stator circuit. L.I. Stolov 


A study is made of mechanical characteristics of three-phase low-power- 


ed asynchronous motors with a short circuited rotor and an asymmetrical 


stator circuit fed from a symmetrical system of line voltages. The 


stator windings are symmetrical. The asymmetry of the stator circuit is 


due to an additional resistance in phase 6 or to two additional resis- 


tances in phases a and c. 


The motor drive for the screw on the atomic ice-breaker ‘Lenin’. 
V.L. Bershadskii, V.A. Kalashnikoz, V.V. Kriazhevskii and G.A, Popov 


The atomic ice-breaker Lenin is equipped with power plant with a 
Power 1s transmit- 


nuclear boiler. Steam turbines are the prime movers. 


ropeller by an electrical drive. The Lenin has the 


ted to the screw 


following characteristics: displacement 1600 tons, max length 134 m, 
27.6 m, turbine power 44,000 h.p., max speed 18 knots, No. of 
18 knots 195 r.p.m, speed of 

I} e 


max widt! 


propellers Be speed of middle screw at 


side screws at 18 knots 215 


r.p.m. autonomous floating l vear. 


drive which is on the d.c. generator-motor system is considered in 
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detail with diagrams, tables and photographs with special emphasis on 
the control system. 


Neutralising the charge of static electricity by radioactive radiation. 
N.G. Drozdov and V.N. Egorov 


A study is made of questions connected with the choice of radiation 
sources and certain experimental data are given regarding the neutraliz- 
ation of electrical charges. The intensity of the source of radiation 

is considered to produce greater ionization of the air. The maximum 
length of the full travel of the particles in air should be as small as 
possible to safeguard the operators. The calculation of the required 
activity of the source is discussed and special attention is paid to 
alpha and beta sources. The author advocates the use of natural and 
transuranium alpha-sources: plutonium-238, plutonium-239, plutonium-240, 
polonium-208, 210 and so on. Discussion centres on problems of indust- 


rial production and reference is made to “soft” beta radiation sources. 


Limits for atmospheric contamination are given and precautions for the 


safety of the operator are discussed. 


Compensation of the resistance during slow-changing processes. 
B.K. Karpenko 


In order to verify the resistance and reactance of a given two-pole, an 
additional e.m.f. is introduced into the circuit. The author sets out 
to analyse the negative inductive resistance produced, since this prob- 
lem is connected with increased asynchronous torque on sym hronous sal- 
ient pole machines. The torque can be im reased by compensating the 
resistance of the excitation winding. During slow processes the react- 


ance and resistance may be compensated by schemes analogous to automatic 
control schemes. The time constants of the elements of the scheme have 
a considerable effect on compensation resistance. With large time con- 
stants, compensation resistance greatly depends on frequency. An amp li- 
tude-phase characteristic in an open system 15 produced to determine 
the magnitude of compensation resistance. The selection of the magnit- 
ude of compensation is related to the stability of the system. The case 


of rapidly evolving processes 15 also discussed. 


Methodological fundamentals for technical and economic calculations in 
power engineering. Anon 

A list of economic propositions 1s given to guide estimators in compar- 
ing several alternative schemes. The calculations are based on the com- 
parison of prime cost pilus estimated running costs with the time taken 


to recover the total outlay. Four examples of the calculations are 


given. 
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THE EFFECT OF POWER FACTOR IMPROVEMENT UPON THE 
STATIC STABILITY OF THE LOAD* 


S.A. MOTYGINA 


(Received 28 April 1959) 


Provision for the stability of a power system cannot be considered ade- 
quate unless there is a sufficient reserve of stability in the main 


load sections. 


The measures widely used for increasing the stability and operation- 
al reliability of power systems (switching generators of all powers by 
the autosynchronization method, allowing asynchronous operation of gen- 


erators and even stations with subsequent resynchronization, asynchron- 


ous automatic reclosure for power transmission lines etc) can achieve 


the purpose for which they were intended only if the load stability is 


not disturbed during transitory drops in the network voltage, 1.¢. if a 
sufficiently high reserve of static load stability is assured. 


However, in recent years little attention has been paid to load 
stabilities. It has been considered universally accepted that induction 
motors operate with large reserves of stability, as their working slip 
is usually considerably less than the critical slip and the maximum 
torque is 1,7-2.5 times the working torque. It has therefore been sup- 


posed that upsetting or disturbance of the stability of induction 
motors is possible only during very low and prolonged voltage drops in 
the network, which can occur in modern power systems only in the event 


of major breakdowns. 


As a result, the significance of load stability in the general prob- 
lem of power system stability has been insufficiently appreciated by 


most of the planning organizations who design individual industrial 


* Elektrichestvo ll, pp.27-31, 1959. 
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FIG.1. Static characteristics of induction motors. 


motor type A-102-4; 

motor type AS-92-4; 

motor type A-104-8; 

motor type VDD-170/ 
34-12. 


units. Consequently, a number of breakdowns due to loss of static stab- 
ility for long distance loads has occurred in power systems during the 


past few years. 


The breakdowns were preceded by small drops in network voltage due 
to redistribution of wattless kVA fluxes in the system caused by a cer- 
tain source of wattless kVA being switched off, to putting a generator 
on load by the autosynchronization method, or to other causes. There- 
after a voltage “avalanche” has occurred in the load sections, leading 
to a progressive increase in wattless kVA consumption and the emergency 


disconnection of consumers. 


Analvsis of the breakdowns has shown that stability has been des- 
troved in load sections where there has been a preponderance of induc- 
tion motors with capacitors for power factor improvement. This showed 
the material influence of power factor improvement methods on the stat- 


ic stability of a load remote from the power system. 


The present paper gives an approximate evaluation of the eftect of 


power factor improvement methods on the stability of induction motors, 
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which constitute the main load of most industrial undertakings. Some 
results of experimental work on static load stability are also included. 


The effect of power factor improvement methods on the static stabil- 
ity of a load with a preponderance of induction motors can be analysed 
to a first approximation by means of the static characteristics of an 


equivalent motor: 


P_=f(s) (A) 


is the amount by which the electromagnetic torque of the motor 
(P,) exceeds the impedance torque of the driven mechanism (P_); 
Q is the unbalance of wattless kVA at the load connexion point; 

s is the slip of the induction motor; 

V is the voltage at the motor terminals. 


where 


the process of static load stability destruction is a 


Inasmuch as 
the error involved in the use of the static character- 


protracted one, 
istics is not large. 


The effect of power factor improvement methods on static load stab- 
ility is noticeable only when the resistance of the lines connecting 
the feeder system to the load busbars (of the external network) is 
large. Therefore this resistance must be allowed for in the equivalent 
network of the equivalent motor. Account must also be taken of the art- 
ificial power factor improvement methods, (capacitors and synchronous 


machines). 


The parameters describing the inception of load stability destruc- 
tion can be determined from the static characteristics constructed for 


the equivalent motor. For this purpose 


dP dQ 
um <0. 
a 


may be used as practical stability criteria. 


We shall examine the stability criterion dP./ds > 0 for a simple 
example applicable to a load section remote from busbars of infinite 


power containing an induction motor type VDD- 170/34-12, 820 kW, 6 kV, 
= 1) are either 


when the power factor improvement methods (up to cos ¢ 
capacitors or a synchronous motor tvpe VDS-213/34-12, 1,700 kW, 6.3 kV. 
The induction motor type VID-170/34-12 may be regarded as typical as 

its static characteristics do not differ essentially from those of 
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other types (Fig.1). 


We shall make use of the following assumptions: the resistances of 
the external network and the motor stator windings are neglected; the 
voltage at the motor terminals in the initial condition is taken as 
equal to the rated voltage; the equivalent network voltage is calculat- 
ed allowing for the voltage drop in the external network due solely to 
the wattless component of the load current; boosting the synchronous 
motor excitation is not considered; the impedance torque P, of the mech- 
anism rotated by the induction motor is taken as constant. 

Assuming that dP |/ds = 0, the sign of the differential coefficient 
dP /ds will alter when the maximum torque 6. decreases to the value of 
the impedance torque applied to the motor shaft. By comparing values of 
b with the torque at the motor shaft, it is possible to estimate the 


reserve of stability. 


The reactance x, of the equivalent motor and the equivalent voltage 
V at its terminals can be determined from the fol lowing formulae: when 


capacitors are included in the load circuit (Fig.2, method 2) 


when a synchronous motor 15 included in the load circuit (Fig.2, method 


3) 


In these formulae 
Z., i8 the reactance of the external network; 
.» *, are the reactances of the induction motor, the static capac- 
itors and the synchronous motor. 


Fig.2 presents the results of the calculations in terms of frac- 


tions of the maximum torque b, and the critical slip s,,. 
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160 


FIG.2. Fractions of maximum torque (6) and 


critical slip (s,,) of the equivalent motor. 


When the mains voltage drops, the parameter 6 varies as the square 
of the equivalent voltage. In the case of methods 1 and 2 (Fig.2), 6 is 
proportional to the square of the mains voltage. In the case of method 
3, 6, will not be so sensitive to voltage changes. 


It can be seen from the curves that if no method of power factor 
improvement is used, an induction motor located a considerable distance 
from the system busbars will be operating under unsatisfactory stabil- 
ity conditions. Stability may be destroyed when the voltage drops to 
0.9 V. (when x. = 2.5 x). The moment of the equivalent motor then 
falls by 34 per cent and the critical slip by 24 per cent. 


The inclusion of capacitors has an adverse effect on the stability 
of the induction motor. Here the critical voltage rises to 0.95 V. The 
addition of a synchronous motor, even without boosting its excitation, 
has a favourable effect on all the equivalent motor parameters. In this 
case the critical voltage is reduced by 30 per cent and remains prac- 
tically unaltered however far the induction motor may be from the svs- 


tem. 


We shall now apply the second stability criterion d0/dV < 0 to the 
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FIG.3. Variation of wattless kVAin the load 
section with voltage when different methods 
of power factor improvement are used. 


same power factor improvement methods. 


Fig.3, which refers to the same motors, shows the variation with 
voltage of the wattless kVA Q, consumed by the induction motor at its 
full load and the wattless kVA Se being generated by the synchronous 
motor. Here also are plotted the corresponding curves of capacitor watte- 
less kVA Q. and the wattless kVA 0. and 2 supplied from the system at 
power factors of cos ¢ 18 and 1.0 (neglecting the difference in 


phase between the system e.m.f. and the voltage in the load section). 


From these curves in Fig.3 are plotted the variations in wattless 


kVA unbalance at the load connexion point tor capacitors (Q 


motor (0° - 0. «@ and also when no supplement - 
n 
ary wattless kVA source 18 present \Y, - 0). By comparing these vari- 


for the synchronous 


ations it can be seen that trom the stability improvement standpoint 


the addition of the synchronous motor 18 more advantageous than the 


inclusion of capacitors. 


Notice that the critical voltages determined tror the criterion 


are close t« those tound tror the criterion iP 1s 
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A further improvement in the stability of the induction motor may 
be obtained by increasing the excitation of the synchronous motor. For 
example, when the voltage falls below 0.85 Ve the wattless kVA deliv- 
ered by the synchronous motor is increased by a factor of 2 to 3 if the 


excitation 18 boosted. 


It may be concluded from the above that the combination of synchror 
ous and induction motors in a load section is the best method of achiev- 
ing load stability while at the same time improving the power factor of 


the whole motor installation at any possible service loads. 


Investigations of load stability under industrial conditions were 
carried out at three different industrial undertakings with concentrated 
induction motor loads and different methods of power factor improvement. 
Capacitors were installed at two of these undertakings, whereas the 
third used a large number of synchronous motors for power factor 
improvement. Tests of static load stability were made using a specially 
isolated generator feeding part of the load of each undertaking. The 


plant was operated under normal working conditions during the tests. 


During the tests the voltage at the load busbars was lowered in 
steps of 1 to 2 per cent of rated voltage at 10 to 15 minute intervals, 
which is sufficient time to assess the stability of motor operation at 


a given voltage. The principal test results are given in table 1. 


From the above test results it can be seen that a concentration of 
induction motors with capacitors for power factor improvement in 4 load 
section sufficiently remote from the supply system makes it possible 
for voltage “avalanches” to occur when all the motors are on full load 
even at the slight voltage variations (3 to 10 per cent of the rated 


value) which may occur in practice. 


Load stability is also unsatisfactory when there 1s no method of 


power factor improvement. Static stability is destroyed when the volt- 


age at the supply busbars drops by 12 to 21 per cent of the rated value. 
Static stability at sizeable voltage drops can be ensured only by com- 


bining induction and synchronous motors 1n the same load section. 


The magnitude of the exciting current of the synchronous motors 1s 
an important factor in increasing load stability. For example, the 
tests showed that with the loading coefficients of the induction and 
svnchronous motors equal to 0.85 and 0.52 respectively, increasing the 


excitation of the synchronous motors from 0.37 to 0.75 of the rated 


value lowers the voltage at which load instability arises by 10 per 


cent. 


es 
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TABLE 1. 


Results of an investigation of static load stability 


under industrial conditions 


used 
induc- 
kVA 
syne 


in Fig.4 
or 


the mot ors 


motors 
of 


motors* 
unstable. 


Method used for power 


tests. 


factor improvement 


section No, 
curve 
the 
tion 
which 


of 
capac itors 


become 


Load 
Power ofall 
n 
Load factor 
Relative wattless 
of 
chronous motor 


No. 


Voltage on the supply bus- 


bars at 


Capacitors 


Ihtto . 
No compensation 


Lapacitors 


Ditto 
No « ompensation 


Synchronous motors withe- 
out boosted excitation 


Synchronous motors with 
boosted excitation ..,. 


* The load factor of the synchronous motors connected to 


No.3 load section was always equal to 0,53. 
t The power of all the motors used in the tests was taken 


as unity. 


When the excitation of the synchronous motors 158 boosted, the static 
load stability is increased still more and is assured for practically 
anv momentary voltage drops when the power ratio of the synchronous and 


induction motors 18 as shown in table l. 


Fig.4 shows experimental static characteristics or = f(V) for all 


three load sections investigated (the values of load wattless kVA reter 


to the wattless kVA of the generator isolated for the tests). These 
various methods of power 


characteristics clearly how the effects of the 
tactor improvement on load stability. 


With no capacitor ection can operate stably in the region 
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No.2 load section 


No.3 load section 


FIG.4. Static load characteristics obtained 
under industrial conditions. 


where the wattless kVA taken rises when the voltage falls (the voltages 


at which motor instability occurs are shown by dotted lines in Fig.4). 


But when capacitors are used, transition to this region causes an 


immediate destruction of load stability. 


Svnchronous motors with boosted excitation have the opposite effect 


on load stability; with them the load section operates stal lv in the 


wattless kVA consumption increases and when the voltage is 


region where 
the motors return to normal. 


restored the operating conditions of 


It is interesting to analyse in the light of the above the behaviour 
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of No.2 load section during one of the breakdowns when the voltage at 
the load busbars dropped to 0.37 V, and the frequency to 0.8 f,,. After 
a portion of the small motor load had been switched off, the frequency 


rose to 0.93 - and, thanks to the existence of over-excitation devices 


on all the synchronous motors and generators, the voltage was maintain- 
ed at 0.8 Vv. This condition lasted about 15 minutes, until the break- 


down in the system had been made good. 


As a result, only small induction motors amounting to about 15 per 
cent of the total motor power were switched off in this section, and al] 
the remaining important induction and synchronous motors with a high 
load factor (0.8 to 0.9) remained running in spite of the fact that 


thev were subjected to intermittent loading. 


In conclusion, it should be mentioned that the calculated data 
given at the beginning of the paper are close to the experimental 
results obtained when the load stability was investigated. 1960 

Conclusions. 1. Methods of power factor improvement have important 
effects on the static stability of a load at a considerable distance 
from the power supply system. The choice of the method of power factor 
improvement in a parti ular case should be made on the basis of a cal- 
culation of the static stability of the load, 


>. In long distance load sections, where induction motors are run- 


ning at 90 to 100 per cent of rated output, it 15 inadmissible to 


improve the power factor solely by means of capacitors. 


3. A high power factor and static stability of the load can be 


attained by installing synchronous motors with boosted excitation in 


industrial undertakings, in addition to induction motors. 


Translated by K.U.A. Hegarty 
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TONIC FREQUENCY-CRANGER OF 0.5-2 C/S FOR ELECTRO- 
MAGNETIC METAL MIXING INSTALLATIONS IN 
ARC FURNACES* 


N.S. SIUNOV, M.G. REZIN, Ia.I. DROBININ and 
Ye.M. GLUKH 


(Received 13 September 1958) 


The first experimental and industrial arc furnace for electromagnetic 
metal mixing in the U.S.S.R. was built in 1956. Under the furnace bot- 
tom is fixed an arc stator whose winding is fed by a two-phase current 
of low frequency, (0.5-2 c/s). To make the operation economical, the 
housing under the bottom is made from non-magnetic steel. The travel- 
ling magnetic field induced by the are stator induces eddy currents in 
the melted metal. The interaction of these currents with the magnetic 
field of the arc stator produces a moving torque, which ensures the mix- 
ing of the molten metal in the furnace. To feed the arc stator with a 
two-phase 1. f. current, a frequency changer is needed; the cost and the 
reliability of the whole electromagnetic mixing installation depends to 


a great extent on the rational choice of the changer. 


As is known, the 1. f. changer for the experimental and industrial 
installation of the factory “Dneprospetsstal” is complicated and not 
entirely reliable in operation since it consists of 18 various electric- 


al machines. The system for the changer installation developed by the 


factory “Elektrosila” is much improved. 


Owing to the deficiencies in systems of dynamoelectric 1. f. 
changers, the Kirov Ural Institute of Technology together with the fac- 
tory “Uralelectroapparat” have developed an installation with an ionic 


t 
frequency changer 


* Elektrichestvo No.ll, 41-43, 1959. 
t Cand. of Tech. Sc. FE. L. Ettinger, employee of the NII EP, also took part in 


the development of the installation. 


; 


Electromagnetic metal mixing installations 


FIG.1. Principal circuit of the low-frequency 
ionic changer. 


mercury-are rectifier with the six 
insulated anodes; 

the main transformer for feeding 12 
valves, star-zigzag connected; 
cabinet for the mercury rectifier 
control; 

static phase regulator; 

selenium rectifier; 

reactor; 

selsyn rheostat withthe motor (M); 
windings of the are stator. 


Fig.1 shows a simplified principal circuit of the installation. The 
ionic frequency changer has 12 valves which are divided into two groups 
(1 and 2), each of 6 valves, connected in a three-phase antiparallel 
circuit. Three valves operate during the 1.f. half-period, the other 
three being cut off by the grids at this time. Therefore, it is neces- 
sary to ensure an independent grid control of every three valves by 
means of a static phase regulator PS. A group of six valves feeds one 
phase of the winding of the two-phase arc stator. 


To obtain a sinusoidal |.f. current a selsyn-rheostat is used as a 
“transmitter”, which feeds the magnetizing windings of the phase regu- 
lator. The transmitter parameters are so chosen that the curve of the 
magnetizing current variation should correspond to the characteristic 
I = f(a) (Fig.2) of the static phase regulator, which ensures the sin- 


usoidal variation of the changer valve current. The initial control 
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e l ° degrees 


FIG.2. Dependence of the phase shift angle 
of the static phase regulator on the mag- 
netizing current. 


angle is set by the shift winding of the static phase regulator. The 
selsyn rheostat is fed via a ring from a selenium rectifier. The alter- 
nating voltage is taken from the transmitter collector; the voltage 
frequency is proportional to the speed of rotation of the transmitter, 
and the magnitude of this voltage does not depend on the frequency Two 
pairs of brushes are fixed on the selsyn rheostat commutator and these 
are shifted with respect to each other by 90°, which ensures a 90 el. 
degrees time shift of the currents feeding the two-phase winding of the 
are stator. The windings magnetizing the phase regulators of the two 
grid systems are connected to each pair of brushes: one half-wave of 
the transmitter voltage is applied to one phase regulator, and the 
other half to another regulator, this being achieved by connecting in 


the circuit the selenium rectifiers S. 


The selsvn rheostat is driven via a reduction gear by a d.c. motor 
of 20 W output. The transmitter feeds the phase regulator with a cur- 


varying according to a nearly sinusoidal curve. The value of 


rent 
I, determines the firing angle a of the a valves. 


The rectified voltage is U, = Uj cos 4, where Uj is a rectified 
voltage for a = 0. Fig.3 shows the process of obtaining a sinusoidal 
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Electromagnetic metal mixing installations 


Obtaining the 1.f. voltage by using 
an ionic changer. 


FIG. 3. 


voltage. The smoothing of the current is performed by inductances in the 


arc stator windings and additional reactors R, connected into the cir- 


(Fig. 1). The reactors also reduce the cir- 


when 


cuit of every three valves, 


culation current at the moment the load is switched over trom one 
group of valves to the other. To change the direction of rotation of 
the arc stator field it is only necessary to switch over the phase regu- 
lator magnetizing windings. As can be seen from the diagram (Fig.2) the 
valve groups of both stator phases are fed by only one transformer. 
This brings about the reduction of the total current of the transformer 


windings ¥2 times due to the 90° shift between the phases, and, conse- 


quently, the transformer power decreases. 


The relations between the low frequency voltage U; F and the recti- 


fied voltage U, are given by the following formulae: 


Relations between the effective values of the es currents I) f 


currents of the transformer secondary winding /,, and also the 


and the 


maximum value of the rectified current in the valve /,, are determined 


by the expressions 


Relations between the apparent power of the are stator 
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FIG. 4. Current oscillograms of the l.f. transmitter. 


and the calculated outputs of the primary P,, the secondary P., of the 
transformer, and the typical transformer power Py are given, for the 
circuit in Fig.1, bv the formulae: 


on ff . er 


P, P,+p 


where P, is the convent ional output of rectified current corresponding 
to the maximum values of the re tified voltage and rectified current in 


the valve in the frequency changing operation. 


For the industrial installation project with a phase current of the 
arc stator of 2000 A and a frequency of 0.5-2 c/sec. a single mercury- 
arc rectifier type R WN V - 1000 x 12 was chosen; the rectifier has 12 
insulated anodes and 4 independent grid circuits; this project was dev- 


eloped by the factory “! ralmashzavod”. 


The project demonstrated the following advantages for the |.f. 


ionic changer: 


1. Simplicity of the system, since instead of a great number of var- 
ious electrical machines only one mercury rectifier with grid control 


and a “transmitter” of a power of nearly 20 W are needed. 


9. Much less room 1s needed: there 1s no need for the building of 


foundations. 
A higher efficiency in comparison with a rotating changer. 


Preliminary tests of the ionic « hanger confirmed the possibility of 
obtaining a 1.f. current by the method dis ussed. The trials were car- 
ried out on an expe! iment al stand with one group of power ful v alves of 


a rectifier type R* ¥ VY. 500 x 6; this arrangement gives only a half- 
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FIG.5. Oscillograms of the 1.f. anode current 


for a grou of valwes RVN V — 500 x 6. 
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wave current. The load tor the changer was a reactor otf induce 
tance. The rectified voltage varied periodically in magnitude due to 


the grid control by a static phase regulator within the limits of regu- 


lat 120 el, degrees. 


The 1. f. master voltage was supplied from the transmitter to the 


control winding of saturation reactors in the static phase regulator. 


The frequency was controlled by varying the speed of rotation of the 


the transmitter. Figs.4 and 5 show the 


low power motor ariving 
of the current through the 


ose illograms of the transmitter current and 


reactor, (from one group of valves of the ionic frequency changer). 


The ionic changer, made according to the scheme discussed above, 


will be used in the Vertsh-Isetsk Metallurgical Works in an instal la- 


tion for the electromagnetic mixing of metal in a furnace of 25 t. cap- 


acity. 


According to the data given by this factory the cost of the exist- 


ine installation is 1300 thousand rubles. The cost of an installation 


with an ionic changer, according to the estimate given by the factory 


“lralélektroapparat”, be 450 thousand rubles. For a furnace of 180 
tw the difference in cost of a rotating changer and of an ionic 


t capaci 
in power of the 


still greater, since with the increase 


The power of an ionic 


and cost also increase. 
by increasing the voltage applied to valves, and 
of a single feeding transformer, 


nachines their weight 


hanger 18S increased 


is done by increasing the power! 
> per cent ol the total cost of the 


sonic changer for furnaces of a large and smal! 


instal lation. 
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capacity remains nearly the same. In many cases a single installation 


stators in adjacent 


of an ionic changer can feed simultaneously two arc 


furnaces. 


Translated by S. Szymanski 


AN A.C. MOTOR-AMPLIFTER* 


I.P. KOPYLOV 
Moscow Institute of Energetics 


V.1I. RADIN 
Viadimir Il*ich Factory 


(Received 23 June 1959) 1960 


The usual methods of continuous speed control for a.c. commutatorless 


motors are accompanied by a deterioration in energetic factors or else 
they require the presence of a cumbersome converter instal lat 10on consis- 
ting of several electrical machines. The use of asynchronous or syn¢ hro- 
nous motors for drives 1s therefore restricted if the range of speed 


control is very wide. 


In recent years, a.c. commutator motors have found an ever increas- 
ing application in drives requiring speed variation. Abroad, besides 
a.c. motors, new series and parallel excited a.c. commutator motors are 
used, and these represent a modification of the Schrage-Richter motor. 
In these machines, instead of a mechanism for shifting the brushes, use 
is made of an induction controller which alters the amplitude of the 
voltage applied to the motor. Similar motors with speed regulation lim- 
its of 30:1] were built with a power of up to 900 kW (1). 


The speed of a series excited commutator motor can be controlled 
within wide limits by varying the voltage applied to the armature. It 
+s convenient to use for this purpose a magnetic amplifier (Fig. 1) 


whose a.c. windings are series connected to the armature winding. 


The magnetic amplifier and the motor if they are separate should 


both be designed to withstand total grid voltage, because under one set 


* Elektrichestvo No.1l, 56-60, 1959. 
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Way 


FIG.1. Diagram of a circuit showing the separate 
connexion of a magnetic amplifier and commutator 
motor. 


a.c. winding of the magnetic 
amplifier; 


control winding; 


shift winding; 


excitation winding. 
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of conditions the total voltage is applied to the magnetic amplifier 
(signal in the control winding is absent), and under the other set of 

conditions the total voltage is applied to the motor (the magnetic amp- 
lifier is saturated). As a result, the total weight of the drive system 


is increased. 


In a motor-amplifier in which a magnetic amplifier and a single- 
phase series excited commutator motor are assembled together [2], we 
need approximately 30-40 per cent less steel due to the existence of a 
common magnetic system for both the magnetic amplifier and the motor; 
in this case, under all conditions, the resultant magnetic flux remains 
constant, since the voltage applied to the motor-amplifier remains con- 
stant. During the operation of the motor-amplifier the increased vari- 
able magnetic flux of the magnetic amplifier is connected with the 
decreased excitation flux of the motor, and vice-versa. When the motor 
and amplifier are combined, we achieve a reduction in weight of copper 
due to the better cooling of the windings in the magnetic amplifier; we 


also achieve a compact drive system, 


Fig.2 shows the diagram of the a.c. motor-amplifier. 


The magnetic amplifier is mounted on the back of the motor stator, 
and for this purpose the stator is divided lengthwise into two parts, 
on which the a.c. windings of the magnetic amplifier are wound. The 

control windings, the shift winding and the flexible feedback winding 
surround both parts of the stator. There is no pick-up connexion in 

these windings from the voltage first harmonic, since the a.c. windings 
are connected in opposition. A magnetic amplifier with an a.c. output 
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FIG.2. Diagram of the circuit of an a.c. 
motor-asplifier. 


UL - alternating voltage; 
U control voltage; 


w and wy - windings situated on 
different toroids. 


is either connected in series with the motor armature or parallel to 


its excitation winding. 


The Vladimir Il’ich factory has developed an experimental single- 


phase commutator motor-ampli fier made on the basis of a production 


model of a rotary magnetic amplifier and controlled motor; this mode | 
has the following characteristic: 3 kW, 9,000 rev/min., 127 V, 50 c/s*. 


The weight of the machine is 64 ke. 


This motor has good power parameters: cos %, 


satisfactory commutation. 


This good characteristic of the a.c. motor-amplifier is due to its 
great speed of rotation, the absence of a compensating winding and a 


sufficiently large air gap (1.5 mm). 


© Eng. Yu.M. Belenkii and Eng. S.R. Troitski1 took part in this work. 
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FIG.4. Distribution of magnetic fluxes in the 
stator of the motor-amplifier. 


Fig.3 shows the model generator-amplifier in the dis-assembled 


state. 


The superposition of the amplifier magnetic flux and motor excita- 
tion flux takes place on the back of the stator of the motor-amplifier. 
In one half of the stator the alternating magnetic flux of the ampli- 
fier is added to the excitation flux and in the other half the alterna- 
ting fluxes are subtracted (Fig.4). Due to the superposition of magnet- 
ic fluxes, the induction in one half of the stator increases and in the 
other decreases. This results in a non-uniform distribution of the 
excitation flux in the stator. As in the case of a d.c. motor-amplifier, 
the greater part of the excitation flux acts in the opposite direction 
to the alternating magnetic flux of the amplifier, and this explains the 


influence of the excitation flux on the characteristic of the rotary 


magnetic amplifier, which in this case plays the role of a negative 


feedback [3]. 
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An a.c. motoreamplifier 


FIG.6. An equivalent circuit 


A.C. motoreamplifier. 


motor excitation f lux is equal to zero, Consequent ly, under these conde 


itions, the excitation flux has no influence on the characteristic ol! 
the magnetic amplifier. Let us point out that the linear region of the 


magnetic amplifier when operating in a combined circunt with a single 


phase series motor only varies to a small extent. 


In the stator of a motor-amplifier two combinations of the distrib- 
ution of alternating flux are possible (disregarding the superposition 

the direct flux). If we take into account the superpositior of the 
control direct flux, which is denoted in Fig.4 by a dotted line, on the 


alternating fluxes, then we may distinguish on the stator tour identice- 


al regions, in which different combinations of fluxes occur during a 


per 10d. Hepresent ing every se tion of the stator as a sepal ate <¢ losed 
core we obtain the equi valent circuit of an a.c. motor-amplifier the 


form shown in Fig.6. The reduced number of turns of the excitation wind- 


ing in the equivalent circuit 1s equal to a number of real turns o! the 


excitation winding and is determined by the m.m.f. corresponding to the 


mass of steel in the ma hine stator. 


In the equivalent circuit, sections 41, B, ¢ and [) are closed, 


although in a real mac hine two sections are situated on one toroid (see 


.4). However, the magneti and electric links between the windings 


are the same a: ‘ >i machine. 


The ohmic resistance Rf, 1s obtained as the quotient o! the division 


of the voltage applied to the armature by the armature current. Ve 


assume that the work of the magnetti¢ amplifier with the motor armature 


ohmic resistance R,. During the work 


is equivalent to 1ts work with the 


ol the motor amplifier the voltage 1s divided between the motor armat- 
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FIG.7. Locus of the working point of a 
magnetic amplifier. 


ure and the magnetic amplifier, and when the magnetic amplifier is sat- 


urated, the speed of rotation of the motor is maximum, and vice-versa. 


From the equivalent circuit we can obtain equations for a motor- 


amplifier (3 


(H,+H,+H,+H,)+ 


(dB, dB, , 


dt dt dat + at )4 


/dB dBn \ 


dB. 
(2) 


resultant field intensities on the appropriate 
sections of the stator core of the motor-amp li 
fier; 

magnetic induction in the core of the appropriate 
stator sections, 


resistance of the a.c. windings, with the losses 
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in the steel of the magnetic amplifier accounted 


for; 
1 — mean length of the line of forces: 
S - total cross-section of two toroids in the stator; 


w. — number of turns of the a.c. winding; 
w. — number of turns of the control winding; 
resistance of the control winding. 


Non-linear differential equations (1) and (2) have no exact analyt- 
ical solution, but, by replacing the magnetizing curve by two sections 


of a straight line we may reduce these equations to equations of an ord- 


[3]. 


inary magnetic amplifier working with an ohmic resistance 


Further, assuming that the impedance of a magnetic amplifier is a 


pure inductance, and the motor impedance is a pure ohmic resistance, we 
obtain the locus of the working point describing an ellipse (Fig.7). If 
no superposition of the variable fluxes of the motor excitation on the 
fluxes of the magnetic amplifier takes place, the working point would 
describe a larger ellipse (1-2). The superposition of the excitation 
fluxes results in a decrease of the ellipse semi-axes. For I. = 0, when 


the motor is at a standstill, this corresponds to the point |. 
Fig.& shows 


When the 


signal - is sent, the working point moves to the point 3. 


operating characteristics of the motor. 


Commutation in the experimental motor under the rated conditions 


can be estimated as grade 2. A satisfactory commutation was achieved by 


using a narrow commutation zone, small brush overlapping, high quality 
brushes mark EG-8 and a minimum number of turns in a section (w, = 1). 
By feeding the motor with direct current no better commutation was 


achieved. 


The weakening of the armature reaction was achieved due to a small 
air gap and a small pole overlapping. Calculations show the possibility 
of making a.c. motor-amplifiers of 3-3.5 kW power at 12,000 rev/min, 


without compoles and compensating winding. 


A motor-amplifier has good dynamic parameters. The experimental 


machine has a power amplification factor equal to 3000. 


The time constant of the motor amplifier is determined by the elec- 
tromechanical time constant of the armature, which is approximately 

equal to 2 sec., and this is explained by the high speed of rotation. A 
high power amplification factor of the motor-amplifier was obtained due 
to the presence of the internal feedback in the magnetic amplifier and 


the use of a germanium rectifier type VG-50. If a high amplification 
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Operating characteristics of the 


otor-ampiitier. 


factor is not quired the rectifiers can be disconnected. liowever in 
this case » volume of copper in the control winding 1s considerably 
increased; the amount required for the windings of the magnetic ampli- 


fier, also increases by 30-40 vol per ent. 


Rv doubling the number of rectifiers we get a d.c. motor-amplifier 
with series excitation; however, no appre iable improvement in its 
power parameters and commutation was observed at a power of 2-3 kW. 

Fig.9 shows the dependen e of the speed of the motor-ampli fier on 
the current in the control winding at a constant voltage and constant 


load on the shaft. 


When comparing moto! -amplifiers having a series-connec ted magnet 


amplifier with motor-amplifiers, in which the magnetic amplifier shunts 


the excitation winding, 1t 1S necessary to point out that in the first 


case the overall size of the motor-amplifier is greater, but 1t 1s 
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FIG.9. Characteristics n = f(J.) for different 


loads on the shaft of the motor-amplifier. 


possible to control speed from zero to its rated value, and, moreover, 
no starting device is needed. By connecting a magnetic amplifier paral- 


lel to the excitation winding we get a smaller overall size of the 


motor-amplifier, since the grid voltage is applied directly to the 


motor, and the magnetic amplifier is designed only for a fraction of 
the power and play s the role of a kind of magnetic shunt. Speed control 
in this case is only possible from the rated speed upwards, and the 


limits of variation do not exceed the ratio 1:2. 


Conclusions. 1. The weight of the a.c. motor-amplifier 1s approx- 


imately 30 per cent less than the weight of a system with a rotary mag- 


netic amplifier and a parallel ex ited commutator motor. 


». When designing a magnetic amplifier 1t 1s necessary to assume 


the ratio of the weight of copper to the weight of steel in a motor-amp- 


lifier equal to 1:5-1:6, which permits a reduction in the short circuit 


voltage of the magnetic amplifier and the saturation of stator by the 


motor flux. 
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3. An a.c. motor-amplifier which does not require a starting device 
has good power parameters and good dynamic properties; it can replace 
d.c. motors in high speed drives with a power up to several kW and a 


wide range of speed control. 


Translated by 5. Szymanski 
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FROM OPERATIONAL EXPERIENCE STARTING A COMPOUND 
SYNCHRONOUS MOTOR WITH A DEAD CONNEXION TO THE 
EXCITER* 


V.V. IUKHOV and A.K. PETUKHOV 


(Received 18 April 1958) 


On a synchronous motor VMS-322-8/6 (1780 kVA, 1350 kW, 6 kV, 1000 
rev/min) with an exciter type VWP-543/2/5 (65 V, 360 A) the usual reac- 
tor system for starting the motor using a magnetic station was redesign- 
ed into a system of starting with a dead connexion of the exciter'. The 
motor drove a centrifugal pump 22-NDS. In this note we give the results 
of tests carried out with this system on the automatic connexion of a 
reserve unit and starting the motor after interruption of supply (with 
automatic reclosure). The results of the analysis of oscillograms of 
For all methods and conditions 


the motor tests are shown in the table. 
of starting the motor shown in the table, the busbar voltage at the 


start, the initial value of the current at the start and output under 
and 


steady-state conditions were equal respectively to 0.86 U_, 5.6 I, 


1.15 P.. 


It is necessary to point out that the motor was pulled into step 
also at an open circuit of the shunt rheostat when the compounding cur- 


rent was flowing in the excitation winding. 


In the two experiments with motor starting after interruption of 


supply, the voltages across the motor at the moment of re losure were 
In both cases starting was 


equal respect ively to 0,34 U. and 0.43 U.. 
successful. The starting current and the voltage drop on the motor bus- 


bars were the same as in the case of a normal start. Pressure in the 


water ducts varied from 2.5 to 7.7 kg/cm“, whereas before the experi- 


* Elektrichestvo No.ll, 81, 195%. 
t V.V. lukhov. Compounding syne hronous motors with a dead connexion to the excit- 


er. 
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Starting a compound synchronous motor with a dead connexion 


TABLE 1. 


the rate 


a frac tion 
speed 


ronous 
of 


current 


Method and tonditions of 
motor starting 


state conditions 


motor before syne} 


steady 
a fraction 


of 
excitation current wun 


Time of asynchrone 


der 
as 


ichronizgation as 


The valwe of the pump was open (the 

relay forcing the excitation was out 

of action) 

As above, itt the shunt rheostat 

open 1960 
Starting after break in 

supply 

Starting after break in 

supply 


ment it was equal to 6 kg/cm. 


The results quoted permit the conclusion that the method of start- 


ing a synchronous motor with a dead connected exciter and compounding 


arrangement permits not only the starting of motors under load from a 


state of rest but also ensures their start after a break in supply. 
Here the minimum voltage protection, which reacts by breaking the cir- 


cuit, should be withdrawn from operation. 


Translated by 5. Szymanski 
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ABSTRACTS FROM PAPERS PUBLISHED IN ELEKTRICHESTVO 
No. 11, 1959 


The problem of classification and choice of the investigation methods 


for electrical machines. “.1. Alib’ev (pp.1-7). 


As different authors use different transformations for phase magnitudes, 


co-ordinate axes and positive directions of magnitudes to analyse ¢ 


trical machines the author advocates the establishment of a single dir- 


ection of positive magnitudes and co-ordinate axes and the classific- 
investigation methods and operator para- 


ation and generalization of 
meters. The four main systems of analysis are reviewed including K.H. 
The type of mac h- 


Park’s “Two-reaction Theory of Synchronous Vachines” 


ine and the conditions of the problems are taken into account. 


The problem of diverse writing of differential equations of the Gorev- 
Veretennikov and D.V. Viselov (pp.8-12). 


Park type (in variables @). L.P. 


As the Gorev-Park differential equations for a synchronous machine are 


frequently written differently and in order to facilitate the study and 


use of these equations, the author seeks to indicate the causes of the 
the investigation of transient processes 


differences in order to assist 
lhe basic differential equations are considered in respect 


in svstems. 
of stators and a generalization and classification of the equations 1s 


given in tabular form. An appendix deals with the choice of the generale 


ized (A.A. Gorev and R.H. Park) equations. 


Classification of differential equations of the Gorev-Park type. 


L.P. Veretennikov (pp. 13-20). 


\ study is made of the features affecting the writing of transformation 
and e (that is, with 


equations for a synchronous machine in variables t 


open expressions for , and ¥ J). lise 1s made of a system of relative 


The generalized stator equations tn variables 1 an 
classified for a synchron- 


1 are dis- 


units. 


cussed and the transformation equations are 
and e. The equations for the excitation cir- 


ous machine in variables 1 


cuit and tor jues are dis ussed. In conclusion a series of re omme nda - 


his choice ol the form of the 


tions are made to guide the engineer in 


Gorev-Park equations for his purpose. 


; 
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Determining the degree of reliability and reservation in urban networks. 


Bessmertyi and R.[a. Fedosenko (pp.20-27). 


Regulations in 1957 have classified industrial and domestic urban con- 
sumers according to the degree to which the power supply should be 
ensured in accordance with technical requirements, but the automatic 
svstem of connecting the reserve has not solved the problem of how 
large the reserve should be. After reviewing systems of priority etc. 
abroad, the author proposes a practical way of mathematically evaluat- 
ing the reliability of the power supply to non-industrial consumers 


based on the probability of breaks in supply in a given period. 


Comparative analysis of some numerical-graphical methods of calculating 
transients. A.V. Suchilin (pp. 32-36). 

In order to select the most practical method of solving differential 
equations for calculating transient processes, the author compares 
table-graphical methods. He considers the nature of the errors which 


can arise and the Runge-Foks system. 


Circle diagram of an inverter. Iv.G. Tolstov (pp. 37-41). 


In order to know how the load, etc. varies when plotting the character- 
istics of an inverter, the author sets out the basic relationships 
which exist but adds that the inverter power factor must also be known. 
Characteristics plotted on the basis of this information are time-con- 
suming and of limited value and the author therefore has adapted the 
circle diagram method for analysing inverter operation when the commut- 
ation angle is not over 60 el. degrees in a three phase bridge scheme 


or 30 el. degrees in a twelve phase cas« ade-bridge scheme. 


Substitution diagram of multi-phase symmetrical machine with a solid 
rotor. I.“. Postnikov and G.“. Kirichek (pp. 44-48). 


An equivalent network of a multi-phase symmet rical machine taking into 


account the higher harmonies of the armature gives a clear picture of 
the electromagnetic connexions in the machine and provides a simple 


method of determining the losses and parasiti torques from the higher 


harmonics in anv machine conditions. However, such a method cannot be 


used tor machines wit! solid rotors. The authors describe an equivalent 


circuit and the method of calculating the parameters in fractions for 


integral and fractional windings. The scheme 1s intended for 


machines 
with solid rotors but it can be extended to squirrel cage machines. 
Controlled asynchronous electrical drive of crane mechanisms with sat- 


uration chokes. “.“. Sokolov and Iu.D. Kapuntsov (pp.49-52). 


The range and smoothness of the control svstem for crane drives 
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requires the production of reliable, simple and cheap asynchronous con- 
trollable drives. The recent use of saturation chokes connected asvmmet- 
rically in the rotor circuit abroad has led to tests being carried out 


on this system in the U.S.S.R. with satisfactory results. 


Characteristic distortion of electrical machines with a wide range of 


speeds. I.Z. Ageev (pp.52-56). 


machines the transverse reaction of the armature, the longitud- 


In d.c. 
inal reaction of the armature when the brushes are lifted from neutral, 


the mm. f. of the switch sections and the asymmetry of the feed when 
the brushes or poles are shifted from the geometric neutral affect the 


e.m.f, These factors are considered with a view to reducing the weight 


and dimensions of machines (for example for aircraft equipment), He 
counter to the direction of 


advises that the brushes should not shift 


60 the motor or generator armature. 


Single system remote device against multi-phase faults. G.F. Dolidze 


(pp. 60-64). 

A study is made of the properties of a single system distance device 
which reacts to all forms of multi-phase short circuits at the same 
point without switching on the current and voltage circuits. No account 
is however taken of load currents and arc impedance at the point of 


short circuit. 


Osadchii (pp. 65-70). 


Impulse measurements on transmission lines. A.P. 


Although the 1 KL-1 and 5 pulse gear for determining the distance to 
the fault on overhead lines and cables has been put into service exten- 


sively, the phenomena occurring in a multi-conductor system have not 


I yet been fully elucidated. The propagation of pulses along the line is 

si considered and experimental research described. Measurements in 

7 branched systems are also discussed. 

Evaluation of the effectiveness in making more accurate loading calcul- 

7 ations on industrial networks. B.V. Gnedenko and B.S, Meshel’ 

a (pp. 70-72). 

: An investigation of electrical loads in industrial undertakings shows 

. that their planned requirements exceed their actual demand. This is a 

ae waste of resources out of all proportion to the size of the error in 

: the estimates. Acknowledging that no universally acceptable method can 

4 be proposed owing to variations in technological processes, the author 

. argues that it is no answer to rely purely on empirical methods of 
calculation. Therefore, instead of calculating the load, the author 


claims it is easier to base plans on the actual sections of the conduc- 
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tors using the concept of “normal expenditure of metal”. 


Re-calculation of short circuit currents. G.G. Kostanian (pp. 73-76). 


To solve the problems of calculating short circuits when new objects 
are connected in the network, a method of calculation is proposed which 
is based on previous calculations (made before the new object was con- 
nected). The original network is represented in the form of a four-pole 
with a branch for the short circuit under consideration, whilst the 
object connected to this system is in the form of a two-pole. An exam- 


ple of the calculation 1s given. 


Application of the potential method of blocking in the protection 


scheme against electrical shock. (pp. 76-77). 


Flectric trains in underground workings may cause fatal accidents. 
Without having to alter the contact network radically, a system of high 
speed disconnexion has been installed which operates if the conductor 

is touched. Such a method unfortunately shunts the motors of the train. 
\ voltage of sonic or ultra-sonic frequency is therefore introduced into 
the contact network. The switching system based on this method is des- 


cribed. 


The problem of measuring dielectrics by means of a Q-meter. 

Til’vikas (pp. 77-80). 

\ (meter is a laboratory instrument for measuring the capacitance and 
yuality factor of capacitors as well as dielectric permeability (€) and 
the tan 6 of dielectric losses. To measure ¢ and tan 0, a metering cap- 
acitor is made with two inter-connected parallel electrodes with the 
testpiece between them. For greater accuracy of tan 0, three measure- 
ments are proposed instead of the usual two, the extra measurement 


being made with the metering capacitor disconnected. 


New regulations for the protection of underground metal equipment from 


corrosion. Lomazov (pp.81-83). 


The new regulations are considered inadequate from the point of view of 
electrical engineers with special reference to the distance between 
traction substations which is too high, whether or not the voltage drop 
in rails should be based on air or earth temperature, the safety of 


lead casings with negative potentials up to 5 V and the use of welded 


joints for rails. 


1960 
| 


POSSIBLE LINES OF DEVELOPMENT FOR AUTOMATICALLY- 
REGULATED TURPO-GENERATOR EXCITATION SYSTEMS* 


Ya.N. SHTRAFUN 
Leningrad 


(Received 11 June 1959) 


At the present time there exists a number of versions of automatically 
regulated excitation systems for large synchronous generators, estab- 
lished as a result of different approaches to the evaluation of their 
efficiency, operating parameters and their relation to the structural 
design of the generators. Analysis of these systems, and existing 
experience in the planning and operation of them, make it possible to 


project some possible lines of development. 


THE SYSTEM WITH SEMICONDUCTOR POWER RECTIFIERS 

; The use of high-frequency a.c. generators (HFG) is extremely prom- 
: ising in excitation systems for large turbo-generators. The absence of 
g windings on the rotor of such generators of the inductor type makes it 


possible to consider them as static sources of independent excitation. 


A system of a similar type is operating successfully on one of the 
power stations of the Leningrad Regional Power System Administration 

(1) and has been designed by the “Elektrosila” works for a 200,000-k\ 
turbo-generator for one of the power systems of the Linion. The charac- 


teristic features of such a system are: 


1. The use of series self-excitation of the high-frequency gener- 


ator to make use of the effect of free current, which arises in the 
in the network, to 


rotor of a turbo-generator during a short-circuit 


force excitation. 


* Elektrichestvo No.12, 10-13, 1959. 
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FIG.1. System with semi-conductor power rectifiers. 


TG turbo-generator; 

fw field winding of TG; 

HPG - auxiliary high-frequency 
inductor generator; 

fwi field winding of HFG; 1960 

HFW auxiliary generator with 
permanent magnets; 

TS¥ controlled compounding 
transformer; 

a controlled power choke 
coil; 

ARF automatic excitation 
regulator. 


®. The use of the HFG voltage reserve when forcing excitation by 
rejection of the supplementary reactive VA consumed in normal operating 


conditions by variable choke coils with wuperposed magnetization. 


With all the advantages of the system, ensuring fairly high dynamic 
characteristics, the practical realization of a number of elements, 
particularly the suction chokes which, for a 200,000-kW turbo-generator, 
are designed for a current of 800 A and a voltage of 400 V, presents 
considerable design and manufacturing difficulties. Amongst these must 
be included the relatively high losses in the magnetic circuit when the 
choke coils are supplied from a 500-c/s frequency source, and the rea- 
lization of automatic regulation of the suction current within wide 
limits as the HFG voltage varies within a range corresponding to the 
variation of the turbo-generator operating conditions from no-load 


operation to forcing of its excitation (5 to 6 times). 


Resolution of this problem leads to complication of the system and 
the design of its elements. As has been shown by an analysis of the 


design and operating parameters, further improvement and adequate sim 


plification of the system are possible while still retaining its 
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FIG.2. Characteristics of the output current of 
controlled power choke coils 


1 - in no-load operation of the turbo- 
generator; 

2-4 - at rated load and with apower fac- 

tor of 1, 0.8 and 0.7 respectively. 


fundamental static and dynamic characteristics. One of the possible 
versions of this system is the use of separate excitation of the HFG 
with application of controlled compounding (Fig.1). 


The separate excitation winding of the HFG is supplied via the con- 
trolled power choke coils (C from the auxiliary high-frequency a.c. gen- 
erator HFV (f = 400 c/s) with permanent magnets. The parameters of the 


power choke coils are selected in such a way that the HFG excitation 


which is necessary for no-load operation of the turboegenerator is pro- 
vided for, and also partial correction of excitation according to the 
turbo-generator voltage. 


Fig.2 shows standard characteristics of the corrector output current. 


In order to increase the effectiveness of the compounding in dynamic 
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conditions, the main excitation regulation is achieved by means of auto- 
matic control of the HFG compourding. 


For this reason, the operating conditions of the voltage corrector 
are selected in such a way that 1ts maximum output current corresponds 
to no-load operation of the generator and decreases under load and dur- 


ing variation of the power factor through the increase in the corres- 


ponding current component of the controlled compounding system. Once 
the standard design of the TShi «type current transformers provides for 
the presence of two cores with their secondary windings, utilization of 
the space between these cores when using the total secondary winding 
makes it possible to arrange a third core. As a result, the total cross- 
section of the transformer core becomes fully adequate to ensure con 
pounding of the HFG with allowance for forcing excitation to the maxi- 


mum value. 


The power element of the automati< regulator has a double output: 

one corresponds to the characteristic of the counter-connec ted correc- 
tor acting on the field winding of the transformers of the controlled 


compounding system, the second corresponds to the characteristic of the 


accordant corrector acting on the control winding of the choke coils. 


THE SYSTEM OF UNCONTROLLED POWER COMPOUNDING 


The compounding achieved by means of the action on the field wind- 


ing of the exciters, and also directly on the rotor of machines of med- 


lum capacity, can also be apy lied in prim iple for large turbo-gener- 
ators: however, the difficulties in designing power current transform- 
ers which arise in this case have limited the possibility of their 


application. This explained by the fact that, 1n turbo-generators of 


this type, the rotor current amounts to ~ 95-35% of the stator current, 


as a result of which (in accordance with the transtormation ratio of 


the power current transformer) the number of turns in the secondary 


winding is so small that the cross-section of the magnetic circuit 


ecomes inadmissible tor structural reasons. 


The application of water cooling for turbo-generators opens new 
prospects for the construction of power compounding current transform 


ers. Direct cooling of the transtormer windings by water* makes 1t pos- 


sible to produce them in the form of multi-turn coils of the spiderweb 


* The design of transformer windings cooled by water was proposed by A.V. Shapiro. 
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FIG.3. System of uncontrolled power compounding. 
TTK - power compounding transformer. 


type, which offers the possibility of increasing the number of turns in 
the primary and secondary windings and reducing the cross-section of 


the magnetic circuit. The basic circuit diagram of such a system of 


excitation is shown in Fig. 3. 


The high-frequency inductor-type generator arranged on the turbo- 
generator shaft 1s designed for an output ensuring the required excita- 
tion correction during variation of the power factor and other operat- 


ing parameters in static conditions. 


Regulation of the rotor current component received from the HFG in 
these conditions 1s “« hieved by the controlled choke coils QC in the 


HFG excitation regulation circuit. 
CONTROLLED PHASE-SENSITIVE POWER COMPOUNDING 


The design of power current transformers with water-cooled windings. 
makes it possible to use a system of controlled phase-sensitive com- 
pounding for high-capacity transformers. One of the possible circuit 


variants for such a system 158 shown in Fig. 4. 


The size of the current in the second primary winding of the trans- 
former is fixed by the cont rolled choke coils QL connes ted to the gen- 
erator voltage via a step-down transformer. Excitation regulation in no- 


load operation of the generator, and also in rated conditions when the 


power factor and other operating parameters vary, 15 carried out by an 


automatic regulator acting on the magnetization of the choke coils QL. 


At a voltage decrease caused by a short-circuit in the network, the 
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FIG.4. System of controlled phase-sensitive compounding. 
TPK - phase-sensitive compounding transformer. 


magnetization of the choke coils by the automatic regulator drops 


abruptly, which reduces the amount of current drawn from the power cur- 
rent transformer into the voltage circuit and additionally raises the 
forcing capacity of the system. 


SYSTEM OF IONIC EXCITATION FED FROM A 
HIGH-FREQUENCY SOUPCE 


lonic self-excitation, together with certain operating draw-backs 
in the initial excitation of a generator, also has a number of defects 
determined by the considerable reduction in forcing capacity at short- 
circuits in the network. This forcing capacity also remains fairly low 
in post-fault conditions when hunt ing occurs. As has been shown by 
investigations carried out by the SRZ and U VGPI “Teploelektroproekt”, 
this is explained by the fact that the voltage vector of the turbo- 
generator to which the ionic converter is connected is in practice close 
to the “electrical centre” of the hunting and is subject in this process 
to the maximum variations. 


The use, together with the basic anode transformer, of series 
booster transformers which mav to some extent stabilize the voltage at 
the ionic converter, proves impossible. This is explained by the fact 
that, as a result of the need for designing them with distributed air 
gaps (to ensure a linear dependence of the secondary voltage on the 


Stator current), their design becomes too unwieldy, 


As a result, for turbo-generators the most effective system 1s that 
of separate ionic excitation. However, the execution of such a svstem 


for turbo-generators is bound up with a number of difficulties. When 
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the auxiliary turbo-generator is operating with a rectifying load 

(ionic converter), the stator current is not sinusoidal. The harmonic 
components of a higher order cause supplementary losses in the stator 
winding and especially in the rotor, which leads to the need for a cor- 
responding increase in the rated output of the auxiliary turbo-generator 


fol 
2). The losses occurring here in the rotor are equivalent to the losses 


which would occur in it in the presence of a negative-sequence current 
I, = 0.233. 


Since, according to the All-Union State Standard for turbo-gener- 
ators, a negative-sequency current of not more than I, = 0.1 is permit- 
ted, to reduce the relative amount of the losses in the rotor of the 
auxiliary turbo-generator to the permissible value it must be designed 
for an output 2.33 times higher than the output in respect of the first 
harmonic of the stator current. 


This leads to uneconomic utilization of the auxiliary turbo-genera- 
tor and an unjustified increase in the length of the shole unit, and 
also complicates its installation and maintenance. 


In view of this, it is more promising to use a high-frequency induc- 
tor generator as the source of supply. 


Since the operation of mercury-arc rectifiers in “regulated” cond- 
itions is limited by the de-ionization time, the possibility of prac- 
tical realization of such a system is determined by the possibility of 
maximum reduction in the de-ionization time (in the de-ionization angle 
©), or by the use of special circuits* limiting the necessary range of 


variation of the regulation angle of the rectifiers a. 


In fact, if the commutation angle of the rectifiers is denoted bv 


y, then, as is known, 
180°, 
since otherwise the controllability of the rectifiers is disrupted, 
As a result of the relatively high-reactance of the high-frequency 


generator, the commutation angle of the rectifiers attains a value of 


the order of 60°. To ensure maximum excitation corresponding to twice 


S.A. Borisova, V.Ya. Gol’mshtok, K.V. Lapayev and Yu.A. Nesterov took part in 
carrying out the investigations. 
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FIG.5. System of ionic excitation fed from a 
high-frequency source. 


IC ionic converter; 

SV -— voltage stabiliz- 
er; 

CB - control cabinet. 


the rated voltage at the rotor of the turbo-generator, the regulation 
angle a of the rectifiers in rated conditions must be 60°. Thus the max- 
imum de-ionization angle 5 must be no greater than 60° at a frequency of 
500 c/s. 


If an absolute de-ionization time independent of the frequency 1s 
adopted, the maximum de-ionization angle in respect of a frequency of 
50 c/s must be of the order of 6°, which is already achieved to some 
extent in new rectifiers and can be fully guaranteed with further mod- 


ernization of them. 


As has been shown by investigations, the problem of the utilization 
of the controllability range of the rectifiers at the above maximum de- 
ionization angle and even somewhat higher, can be solved by means of 
simultaneous automatic action on the variation of the voltage of the 


source of supply for the rectifiers (Fig.5)°*. 


The system consists of a h.f, generator HFG, an ionic converter IC, 


power transformers with superposed magnetization TSM, controlled by an 
automatic regulator ARE, an auxiliary generator with permanent magnets 
HFM for supplying the power choke coils OC which carry out initial ex- 
citation and excitation regulation in no-load operation of the gener- 


ator. 


In the rated conditions of the turbo-generator, the current trans- 


* Ya.N. Shtrafun, L.G. Alekseyeva, S.A. Borisova and K.V. Lapayeva, Auth. Cert. 
No. 122520, 2/1 1959. 
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formers TSM cause a voltage on the HFG which exceeds the voltage 
required in the above conditions. The required voltage on the rotor in 
rated conditions is achieved by regulation of the rectifiers IC by the 


action of the regulator on their grids. 


Excitation forcing conditions are provided for by the current trans- 
formers with full opening of the rectifiers. In a number of cases, cur- 
rent transformers without superposed magnetization can be used. The sys- 
tem ensures the full range of variation of the voltage on the rotor 
with the smallest range of variation of the regulation angle of the 
1onic rectifiers, and makes it possible to use them at a high frequency 


and a greater de-ionization angle. 


OF IONIC EXCITATION WITH 
COMPOUNDING 


COMBINATION 
POWER 


160 


FIG.6. System of power compounding in conjunction 
with ionic excitation, 


In this system the ionic converter is supplied across an anode 
transformer directly connected to the turbo-generator terminals. In res- 


pect of output the equipment is designed to ensure no-load operation of 


the turbo-generator and correction of its excitation in static condi- 
tions, determined in the main by the variation of the power factor. The 


rectified current of the power current transformers additionally flow- 


ing in the field winding provides for rated operation of the turbo- 


generator. 


Automatic regulation in static conditions takes place practically 


without inertia. The power of the ionic converter 1s limited and it can 
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be made extreme] y compact. The voltage at the anode transformer does 
not exceed the value corresponding to the voltage at the rotor in rated 
conditions, which reduces the amplitude of voltage pulsations on the 
rotor and substantia! ]y increases the reliability of the system. The 


automatic regulator used in the system 18 simple and of low capacity, 


the circuit of the 1onic converter (norma! bridge circuit) is also 
simple. The power current transformers, designed with water-cooled wind- 
ings, provide for forcing of the excitation during short-circuits in 

the network and hunting in post-fault conditions, thus eliminating the 
defects inherent in ionic sel f-excitation. 


Translated by D.R.H. Phillips 
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The basic power indices (power factor and power consumption factors) of 
a crane’s circuit with saturation choking coils and their connexion 
with the circuit parameters and with the operating conditions of the 
electric drive are examined in this article. The saturation choking 
coils are assumed to be connected in the stator circuit of the motor 
and additional active and inductive resistances are connected in paral- 
lel in the rotor circuit [Fig.la]. Steady state conditions will be 
examined at a fixed static torque independently of speed. Since the 


duration of transient processes in crane installations is usually short 


in comparison with the duration of steady states, the influence of 
taken into consideration. 


transient processes on power indices is not 
The torque on the shaft of the motor is assumed equal to the electro- 
since the moment of mechanical losses in crane motors 


magnetic moment, 
is very small (about 1.5 per cent ). 


Let us determine the power consumption factor in a circuit with 


saturation choking coils. The constant power losses during time ¢ with 


be: 


AA =9 81M o kkk = 
n n 


const Pad 


8] o— AR 


3 i—g @pd’ (1) 


k. — relative no load losses under rated conditions, including 


whe re 0 


* Elektrichestvo No.12, 47-50, 1959. 
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the losses in the stator winding from the no load current; 
factor allowing for a variation of constant losses due to 
the variation of speed and voltage in the motor; 
coefficient, allowing for an increase of constant losses on 
account of losses in the saturation choking coil (in the 
steel and in the copper of the choke winding from the no 


load current). 


The alternating losses in the motor’s windings, including the sat- 
uration choking coil with an active resistance r_, consist of losses 


in the rotor circuit 


AA — 8] Mo, sf 


ait. 
and losses in the stator circuit 


(3) 
SA,), (ry 


Assuming the simplified vector diagram of the motor, one can deter- 


mine: 


21, 1, sin y,+/,. (3A) 


The losses, determined by the component ]5, are allowed for in the 


constant losses. In the alternating losses it 15 not necessary to take 


into account losses, which equal 


SA), (1° 4-21, 1, sin ("1 


= bI(r,- pf, 


From a T-shaped equivalent circuit 


/ z, Xx 
: sin 7 


1960 


618 
« 
P 
- 
where 
/ 
b=1+42-*sin (4A) 
| 
(4B) 


Power indices of a crane’s asynchronous electric drive 


and, consequently, 


where 


(5A) 


The additional resistances in the rotor circuit, dependent on slip- 


ping, will be (1): 


160 


Assuming that 


we obtain: 


+ 


However to calculate the factor C, 1t 1s more convenient to express 


the resistance %, 44 by Xo! 


C,=!1 (1+&,). (8) 


The relation x, Xho for a motor of the MI series with a capacity of 


619 
b=2C,— |, (5) 
C 14 || 
r (5B) 
karand R of, (5C) 
x’ =k, x, =k, . (7) 
a d d as x» : 
Then 
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FIG.1. Main circuit and mechanical ratings of an MT-31-8 
type of motor (r’ = 4.0473; = 1.45r53 


0 
with saturation choking coils. 
— motor; 


OC - saturation chok- 
ing coils; 


- control current. 


up to 30 kW can be assumed equal to 0.09, and for a more powerful motor 
- 0.05. 


The total alternating losses will be: 
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\ 
—9 81 Mo,s( (BA) 


r 


add 


Having defined 


(8B) 


we shall bring the expression for the alternating losses to the form 


SA, = 9,81 (I + bk,,)t. 


The total losses will be: 


const 


s(1+ bk,.) Rekpk — 


The power transmitted by the operative mechanism 


A, = 9,81 Mut. 


The power consumption factor 


As — s) 


where & - load factor of motor according to torque. 


When the speed and voltage of the motor is reduced, the losses con- 
siderably decrease: mechanical losses, losses in the steel of the stat- 
or, and losses in the copper of the stator winding from the no load 
current. On the other hand, the losses in the steel of the rotor become 
appreciable and the losses in the steel of the saturation choking coil 
increase. It can be assumed that the reduction of losses in the second 
group compensate for the reduction of losses in the first group, 1.e. 


it can be assumed that: 


(11A) 
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This will be much more expedient, so that the losses in the copper 
play a predominant role when the speed is reduced (when the slip 
increases), and part of the no load losses become insignificant. Owing 
to this, even considerable inaccuracies in determining the products of 


ko k and k, do not introduce any great error into the final result. 


The coefficient of power consumption can therefore be assumed equal to: 


+ bk, 8) + (1 S,) (12) 


The expression obtained is similar to the expression for the power 
consumption factor in the case of the usual crane circuit controlled by 
resistances in the rotor circuit [2]. 


Since the problem has been solved in the general form, expression 
(12) is also applicable to the braking state, (counter-connexion). 1960 


Experimental verification of the relationship k, = f(%) carried out 
on an VT-3]1-8 type motor with a three-phase saturation choking coil, 
has given sufficiently satisfactory results. 


The mechanical characteristics of the motor with different control 
currents (superposed magnetization) in the choking coil are shown in 
Fig.1, and the curves k, = f(£) in Fig.2. The descending branches of 
the curves correspond to the operation of the motor when the slips are 
more than critical. When the control is low, the magnitude of the co- 
efficient of power consumption decreases sharply. 


Reactive power consumption in an asynchronous electric drive with 
choking coil control is determined by three components: 


a) by the power necessary to create the magnetic fields in the sat- 


uration choking coil; 
b) by the power necessary to create the main field of the motor, 
c) by the power necessary to create leakage fields in the motor. 


Since the voltage in the choking coil and in the motor vary with 
the variation of the load and speed of the motor, it is more complic- 
ated to determ.ne the components of reactive power consumption separate- 
ly, than to determine the total power consumption by means of the power 


factor. 


The power factor of the drive system 
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where 


(14) 


The current of the rotor I‘ can be determined from the equation 


=9.81 Ma,s, (14A) 


+r =r, (I+h,). (14B) 


9 Ma@,s 
(15) 
3r,(1 + &,) 


Taking into consideration expression (14) and (15) and also 


P,=9.81 Ma, 


we obtain 


9.81 Mo V 


cos 9 = 
3U V 9.51 Mays 
Ma,r, - 
= 1.81 (1 - s) —— (16) 


The factor p can be determined from the following expression [3]: 


where 


623 | 
pl... 
where 
Then 
(15A) | 
7 
p= Ci + ) ( 


(16B) 


¥n 


P,, =} C; 
Having devided (16) by (17) and having defined 
1960 


we obtain: 


on 


cos 9 = Cos 


/ (18) 
1 


The expression obtained enables the power factor not only in the 


motor system but also in the counter-connected state to be determined. 


Experimental verification of this relationship has shown that the 
discrepancy between experimental and calculated values of cos @ lies 
within permissible limits. The curves cos @ = f(/’) are produced in Fig. 
2. The upper branches of the curves correspond to operation when slips 


are less than critical, and the lower branches to when slips are more 


than critical. 


Expression (18) 18 correct not only for the choking coil, but also 


for the usual crane circuit controlled by resistances in the rotor cir- 
cuit and gives entirely satisfactory results as regards accuracy. In 


this case it 18 necessary to assume that 


where rad ~ additional active resistance in rotor circuit. 
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Example. It 1s required to determine the power consumption factor 


and power factor of an MI-41-8 type asynchronous motor Pp. = 1] kf with 
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PY = 25 per cent; n, = 715 rev/min; M. = 15 kg.m; s, = 0.047; 7, = 0.81; 
cos , = 0.67; Py = 1.5 kW; Ip = 22.2 A; I, = 20 A; r, = 0.43 2; 

ro = 0.45414 x, = 0.928 


The motor operates with saturation choking coils in the stator cir- 
cuit at a speed of 300 rev/min with a load on the shaft M. = 0.8 M. 
The active resistance of the alternating current choking coil 

= 0.04 12. Additional resistances in the rotor circuit r’ = 3r5; 


1.2r. and Xp 4r.. 


Slip in the given conditions 
Relative no load losses. 1960 


The resistance factors: 


The power consumption factor 


0.8(1 


0.8 (1 


py = 


= 1.33 
1.175 


1.5 
k, = 0.136 (20) 
1.2% +. 4790.6") 
1.29, 
0 43 + 0.04 
Wa 
0 yee! 9.199; 
C; 1 + 0.09(1 +- 0.753) <— 1.158 a 
b 241.158 — 1 1.316 (21) 
— == () 6 
22.2 
= 
+ 1.29 \* 
0.6 1.175, 
(22) 
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The power factor 


0.81(1 0.6) 


cos = 0.670 1.33 7 0.047) 


la 0047 


0.8(1-+ | 9) 06 0.44 (23) 


Conclusions. 1. The relationships which have been obtained 
k. = £(£) and cos @ = f(2) for a crane’s asynchronous electric drive 
with saturation choking coils enable the power consumption and power 
factors to be determined simply enough, and consequently, also the 
active and reactive power consumption in all the steady state operating 


conditions for the motor. 


2. The magnitude of the power consumption factor sharply decreases 
when slips are more than critical. Here the power factor also decreases, 


although to a smaller degree. 
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Translated by J.F. Boyland 
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ANALYSIS OF SPARKING IN COMMUTATOR MACHINES* 
M.F. KARASEV and V.P. SUVOROV 
(Received 22 June 1959) 


In adjusting the commutation of d.c. and a.c. commutator machines it is 
important to assess properly not only the degree of brush sparking 
under various operating conditions, but also the quality of commutation 1960 
in order to determine the character of the distribution of sparking in 

the commutator, and the reason for the unsatisfactory operation of the 


machine brush gear. 


At present many methods have been developed but from none can we 
obtain the full picture of the collector sparking from which it would 
be possible to indicate the overcompensation and undercompensation of 
the commutation of individual cycles in all collector segments. Thus 
for instance, the photo-electric method [1] makes possible the determin- 
ation of the distribution of sparking on the commutator, however, on 
the basis of the image obtained on the screen of the cathode-ray tube 
of the I I-] apparatus, we can only find out which segments are spark- 
ing, but we cannot find out whether these sections of the armature 
winding, which finish the commutation with sparking, are overcompensat- 
ed or undercompensated. Moreover, sparking is recorded by the photo- 
transmitter of the apparatus, if it occurs on the trailing edge of the 
brush. Consequently, sparks which occur in the wedge-like space between 
the brush and commutator would not appear on the screen of the cathode- 
ray tube, and this is a certain defect in this method. 


Lavrinovitch [2] developed an apparatus in which the voltage drop 
in the brush contact of the individual collector segments could be pro- 
jected on the screen of a cathode-ray tube and, therefore, in order to 


reproduce the picture of sparking on all the collector segments it is 


* Elektrichestvo, No.12, 50-54, 1959. 
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necessary to examine them individually. In our opinion this method of 
analysis of sparking may be applied only in investigating the commuta- 
tion of very large machine 


Karasev developed a method of oscillograph recording of the voltage 
pulses by connecting an electron oscillograph between the leading and 
trailing edges of the brush, [3]. In this case on the screen of the 
oscillograph the voltage peaks, corresponding to one revolution of the 
commutator, are spread along a line, from which the character of spark- 
ing on the whole commutator can be estimated. This method does not give 
any quantitative information about individual pulses since the paths of 
currents in the brush contact, due to the increase in temperature and 
due to the change of the surface of contact between the brush and com- 
mutator vary considerably. Another disadvantage of this method is the 
fact that not all brushes on a given pin can be controlled, but only 


the brush that is connected to the oscillograph. This method can be 
a rather limited number 


used in investigating sparking in machines with 


of brushes. 


Shobert and Diehl [4] proposed a method, which they used for the 
analysis of brush sparking of brushes in automobile generators. The 
principle of this method is this. An auxiliary winding with a small 
number of turns is fixed on the main poles of the generator; this wind- 
ing is connected to an electron oscillograph. At the end of a commuta- 
tion accompanied by sparking, rapid changes in currents occur in sec- 
tions, and due to this, pulses of e.m.f. are induced in the auxiliary 
winding; these pulses will reproduce on the screen of the oscillograph 
tube the character of sparking distribution on the commutator, if the 


oscillograph scanning is properly synchronized. 


In order to take into account the quantitative aspect of sparking a 
calibration of the apparatus was carried out. For this purpose, to one 
section of the armature winding a voltage was applied from the accumu- 
lator battery through a knife-switch and a variable resistance. By us- 
ing a control device, a current of the required value was turned on and 
was then broken by the knife-switch. Simultaneously on the screen of 
the cathode-ray oscillograph the height of the peak, corresponding to 
current broken in the circuit of the section of the armature wind- 


the 
ing, was measured, 


Fig. 1 shows the graph of the heights of the pulse peaks on the 
apparatus screen as a function of the interrupted current. 


Fig.2 shows the graph of the pulse heights on the apparatus screen 
as a function of the machine load current; this graph was obtained 
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10 20 30 


FIG.1. Height of pulses as a function of 
rupture current inthe circuit of the arm- 
ature winding section. 


from experiments with a rotating armature. In examining this graph we 
see that, starting with a current of 20 A, the magnitude of the pulse 
amplitudes on the apparatus screen does not increase. This means that 
the arc discharges were established in the brush contact. 


Thus, the heights of peaks on the screen of the oscillograph, con- 
nected to the auxiliary winding, steadily increase with the increase of 
the interrupted currents during the calibration of the apparatus, 
although this happens with a certain delay; under operating conditions, 
these peaks cease to increase for a load current of 20 A. The authors 
(4) partly explain this phenomenon by the reaction of the main field, 
with the increase in load, and the increase in current in the auxiliary 


winding. 


In reality a similar phenomenon is observed when investigating the 
voltage pulses, corresponding to the end of commutation, independent ly 
of the method by which the oscillograph recording of these pulses is 
performed. Similar oscillograms can be obtained by recording the volt- 
age drop directly in a contact or the voltage across the brush edges, 
and also by other methods. This is explained by the fact that the arc- 
ing of the commutation arcs occurs practically at a constant voltage as 
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A 


0 10 20 30 A 


FIG.2. Dependence of the heights of the rupture cur- 
rent pulses on the load current of the machine. 


opposed to arcs which occur at a simple breaking of a circuit. Conse- 
quently, for the final stage of commutation accompanied by sparking, 
the constant value of the voltage of arcing and the constant time rate 
of change of the arc current (di/dt = const) are characteristic feat- 
ures, and this is reflected on the corresponding oscillograms. 


Because of this, the apparatus callibration carried out by the 
authors [4], by breaking the section circuit by a knife switch, does 

not exactly take into account the quantitative aspect of the phenomenon 
in investigations of sparking in electrical machines. 


Shobert and Diehl made a serious mistake in calibrating an oscillo- 
graph, connected in the circuit of the auxiliary winding, in amps, by 
using for this purpose the calibration curve shown in Fig.l. Apparently, 
the authors assumed that the peak, appearing on the screen of the oscil- 
lograph, connected in the auxiliary coil, made possible the estimation 
of the magnitudes of the rupture current at the end of commutation. In 
reality, peaks on oscillograms do not represent in any way the rupture 
current, since, after sparking has commenced, any further increase in 
load results both in the increase of the rupture current and in the 
simultaneous increase of the time of arcing; however, the height of 
peaks on the oscillograph screen remains unchanged, and this emphasises 
the constancy of the arcing voltage of the commutation arc, which takes 
place at a constant rate of change of the arc current, and not at the 
constant value of the currents broken at the end of commutation. 


Fig.3 shows the oscillograms of the voltage pulses in the auxiliary 
winding. As can be seen from these oscillograms, at a load of 15 A (Fig. 
3a) the sparking segments are absent, which agrees well with the curve 
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shown in Fig.2, from which we can see that up to a load of 20 A peaks 
on the oscillograph screen increase, and this proves the absence of the 
arc discharges at the end of commutation. As far as the oscil logram 
recorded at the current of 35 A is concerned (Fig.3b), sparking 1s shown 
up rather sharply and it is distributed fairly uniformly on the comuta- 
tor. Moreover, a few weaker peaks are in the opposite direction. Conse- 
quent ly, some sections finish commutation with a certain unde rcompensa- 


tion. 


Shobert and Diehl correctly analyse oscillograms, given in their 
articles, which illustrate variations of sparking for different loads. 
They give os i Llograms of the voltage pulses, which occur at the end of 
commtation (calling them pulses of the rupture current and expressing 
them in amps on the graphs) for various speeds of armature rotation, 
for various positions of the brush rocker, for various types of brush 
and for mechanical faults in the commutator. These os« illograms are 


very thorough! y analvsed from the point oft view of the character of 


rush sparking but some asst tions in our opinion, are not entirely 


correct. Thus, for instance, in constructing a curve of the “current 


pulses” as a function of the position of the brush rocker, an average 
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value of the peak heights was taken, and this hardly can characterize 
properly the degree of brush sparking since the intensity of brush 
sparking is not strictly connected with the magnitude of the voltage 
pulses arising due to the breaking of currents at the end of commuta- 
tion. Therefore, as long as a small number of segments 1s sparking, any 
further increase in sparking will substantially correct the average mag- 
nitude of peaks. However, when nearly all segments are sparking, the 
further increase in sparking may even bring about the decrease in the 
average pulse magnitude, if it 1s accompanied by a certain drop in the 
arc voltage. It would be more correct to average pulses by using an 
apparatus, which would sum them up taking into account their height and 
time duration, which is at present done in devices for the adjustment 


of commutation. 


Further, the authors [4], making their investigations with various 
types of brushes, which they conventionally denote A, B and C (model C 
is a standard type for automobile generators), determined for them val- 
ues of the voltage pulses by measuring them on the screen of a cathode- 
rav oscillograph. The voltage pulses were recalculated by using a cal- 
ibration curve, (Fig.1). As the result of the recalculation the current 
amplitudes were determined which, for the above mentioned marks of 
brushes A, B and C, had the following values: 8.8 A, 9.5 A and 7.7 A 
respectively. In reality, different e.m.f.s in the auxiliary winding 
corresponded to these values, and consequent ly, in the circuit of the 


commutating section. 


Yue to the incorrect explanation of the e.m.f. pulses in the auxil- 
jary winding, the authors drew incorrect conclusions at the end of the 
article. Thus, they point out that, although the choice of a brush with 
the largest current pulse for automobile generators might seem unusual, 
however, in their opinion, the type of brush chosen 1s more resistant 
to wear and less noisy; therefore, due to these qualities, it was chosen, 


although, from their point of view, it has inferior commutation prop- 


erties, (judging fron the current pulses). In reality the magnitude of 


pulses on the screen of an os¢ illograph 1s determined by the voltage of 
the commutation arc, and this voltage varies for different types oi 
brushes, and, as a rule, brushes with higher commutation qualities are 


characterized by somewhat higher voltages of the electric arc. 


In using this method for the analysis of sparking of brushes and 


for the estimation of commutation it 18 necessary to bear in mind the 


following considerations: 


1. Electromagnetic energy of commutating sections, connet ted with 


sparking of brushes, 15 caused mainly by dispersion fields of sections, 
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(as is known, an improvement in commutation is only possible by damping 
these fields). Consequently, the voltage pulses, recorded on the screen 
of a cathode-ray tube by using an auxiliary winding, situated on the 

main pole, cannot characterize the machine sparking, since these pulses 
depend on the machine construction, charging of the individual elements, 


magnetic circuit etc. 


2. The degree of voltage pulsation in the auxiliary winding depends 
on the operating conditions of the machine, for instance, on shunting 
of the excitation winding, which is used in tractor motors, and also on 
other changes in the winding parameters of the main poles. Consequently, 
we can use this method for a quantitative estimation of commutation 
(and this with a degree of caution), but not for an analysis of machine 


sparking. 


3. For a quantitative estimate of commutation of commutator machines 
of the same type it is necessary to use an apparatus which gives an 
average value of pulses with regard both of their number per unit of 


time and their duration. 


4. This method, judging by the oscillograms which are given in the 
authors’ article [4], may be justified for an analysis of sparking in 


low power electrical machines of the same type. 


The method of analysis of commutation proposed by us was tested on 
a large number of electrical machines of different types. The method 
consists in this. The indicator of sparking I I-] is connected to the 
operating and auxiliary brushes. The auxiliary brush should be situated 
near the trailing edge of the operating brush. The indicator has a 
cathode ray tube on which the voltage pulses between the brush and all 
commutator segments can be observed. The indicator is also provided 
with a special unit which sums up all voltage pulses and gives their 
average value. To this unit an index and dial apparatus is connected, 
whose readings correspond to the averaged value of the voltage pulses, 
being proportional both to the area of these pulses and to their number 
We proposed this system earlier for the adjustment of 


per unit of time, 
commutation [5]. For this purpose the indicator readings of the average 
values of the voltage pulses in the trailing part of the brush contact 
were used as the main data. From these data it is possible to plot the 


zones of the field currents on the compoles for any degree of brush 


sparking. With regard to the cathode-ray tube, we recommended that it 
should be used to achieve a uniform distribution of sparking on the 
commutator, and without this it is impossible to get satisfactory com- 


mutation even with very accurate adjustment of the compoles. 
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FIG.4. The main circuit for the analysis 
of brush sparking. 


In adjusting the commutation, problems of the analysis of sparking 
of the commutator and brushes often play the main role, since it is 
impossible to begin the adjustment of the compoles without finding out 
the causes of excessive sparking and eliminating them. In this case the 
indicator of sparking connected in the circuit as shown in Fig.4 can 
give full information about the character of sparking and, consequently, 


about factors causing this sparking. 


A great advantage of this method is that, from an oscillogram 
recorded on the screen of the indicator tube, we can not only investi- 
gate the distribution of sparking on the commutator but also find out 
the cause of sparking of every individual commutator segment. Thus, for 
if sparking in one section is due to undercompensation and in 
then on the screen of the cathode ray 
tube of the apparatus, the overvoltage peaks corresponding to these sec- 


tions will be situated on opposite sides of the zero line, and their 
their time duration (i.e. width) will charac- 


instance, 
the other to overcompensation, 


heights and, particularly, 
terize the intensity of electric arcs on individual segments. 


Fig.5 shows an oscillogram of a machine of 4.5 kW power which was 
in all the following, 


recorded at the full load. In this oscillogram, as 1 


the voltage peaks situated below the zero line correspo 
line — to undercompensation. Thick lines cor- 


in the contact in which are discharges are 


g rapid change in the voltage drop, 
and the 


nd to overcom- 


pensation, those above the 
respond to the voltage drop 
absent, and thin lines, characterizin 


correspond to processes which oc 
hese peaks on the 


cur before the arc discharges, 


sharper is the recording of t oscillogram, the more 
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FIG.6. 


considerable is the arc discharge. With the development of the arc dis- 


charge, the point which forms at the end of a peak increases with an 
increase in arcing time, 


In examining the oscillograms in Fig.5 we conclude that the mach- 
ines in the prevailing conditions operated with a certain overcompensa- 
tion, but sparking was small, the majority of segments (10 to 12) 
sparking because of overcompensation and 6 to 7 segments sparking 
slightly because of undercompensation. 


Fig.6 shows an oscillogram for the same machine working at full 
load, but with a magnetizing current in the compoles (- 8 A). The mach- 
ine operated with a sufficiently sharply pronounced undercompensation, 
which caused increased sparking of 6 to 7 segments and slight sparking 


of 10 to 1] segments, but even under these conditions very slight 


sparking of 3 to 4 segments oc urred due to overcompensation. 


Fig.7 shows an oscillogrem of this machine operating at rated load 
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but adjusted so as to give minimum brush sparking (by using a dial 
indicator). The sharply pronounced peaks which are characteristic of 
strong sparking, are absent on the oscillogram. With such an adjustment, 
approximately one half of the segments end the commutation with under- 


compensation, and the other half - with overcompensation. Operational 


practice with this apparatus showed that this is the best kind of com- 
with an unavoidable correspondence of the individual 


mutation, since, 
commutation cycles, which to a certain degree always takes place, min- 
imum sparking will correspond to full compensation of the majority of 


sections. 

Fig.8 shows three oscil lograms recorded at a half load of this mach- 
ine. The oscillogram in Fig.8a corresponds to the case when there is no 
magnetizing current in the compoles; Fig. 8b magnetizing current of 6 A; 


Fig.8c magnetizing current 9 A. 


These oscillograms show satisfactory adjustment of the compoles 
also for a reduced load. The oscillograms in Fig.8} and 8c were record- 
instrument, and the magnetizing 


ed at the same readings of the dial 
case (Fig.8c) somewhat 


current (absolute value) was in the second 
greater than in the first (Fig.8b); it follows from this that at a 


reduced load the machine operates with a small overcompensation. 


The oscillograms discussed are characteristic of machines whose 
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brush operation is not entirely faultless in the mechanical sense, how- 
ever, we may consider this operation as entirely acceptable from the 
point of view of ensuring satisfactory commutation. If the mechanical 
conditions of the commutator and brushes are not satisfactory, then 
peaks on the apparatus screen will be distributed less uniformly, and 
the picture of sparking will appear unstable, on individual segments, 
the voltage pulses will appear and disappear in turn. 


Translated by S. Szymanski 
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Nature of phenomena during transients in 
inductive transistor circuits 


As a result of the development of semiconductor technology, the oppor- 
tunities for using it to control the operation of industrial equipment 
have increased considerably at the present time. It has become feasible 
to use transistors for automatic regulation and control in the form of 
contactless switches or d.c. amplifiers directly feeding the control 
windings of magnetic amplifiers, saturation core reactors and dynamo- 
electric amplifiers, the windings of various switching devices and elec- 


tromagnets, and even the field windings of d.c. electrical machines 


whose power is reckoned in tens of kilowatts (1). 


Theoretical investigations and experiments show that the non- 
linearity of the output resistance of transistors causes the transients 


in inductive circuits fed from them to proceed in a most unusual way 


(Fig.1). 


The qualitative side of phenomena during transients in these cir- 
cuits is illustrated by the static characteristics presented in Fig. 2. 


So as to make the conclusions as general as possible, the transistor 
on this and subsequent diagrams are given in 


static characteristics [2] 
terms of co-ordinates which do not depend on the method of connecting 
the transistor. By the curve 7 = f(U) is meant the output volt-ampere 
characteristic of the transistor for all cases of a definite, constant 


12, 55-61, 1959. 


* Elektrichestvo, 


| 


Transients in direct current control circuits 


fontro! Load 
ircuit circunt 


FIG.1. (a) diagram of triode connexions; 
(4) original and 
(ce) modified equivalent circuits. 
U, and U. - supply voltages of load circuit 


and transistor control circuit; 


equivalent disturbing voltage; 

and - currents in load circuit and 
triode control circuit; 

I* and i - present value of load current in 

absolute terms and in deviations 


from the steady-state value 7. 


value of the signal current I. The static characteristic of the load 
is, as usual, the load straight line, 1.e. the line joining a point on 
the abscissa corresponding to the magnitude of the supply voltage [ 


with a point on the ordinate corresponding to the value of the collec- 


tor current [, with the internal resistance of the transistor equal to 


zero and a given load resistance. 


Thus the points |, 2 and 3 on Fig.2a are the operating points of 
the given transistor circuit at various signal currents and the point 0 


describes the magnitude of the “null current” of the transistor (I. = ()) 


at the given supt ly voltage. 


The real static characteristics are pot convenient tor a study of 
transient processes. It 1s therefore advisable to utilize the idealized 
characteristics which, as is evident from a comparison of Fig.2 (a) and 
(6), are a fairly exact approximation to the real ones. The idealized 


characteristic is a broken line consisting of three segments I, Il and 
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The original, single, simplified equivalent transistor circuit 
shown in Fig.1 (6) corresponds to all three segments during transients. 
It contains the load circuit parameters R, and L,, which do not alter 
under any conditions, and the transistor output circuit parameters U_, 
\U and r. The last two parameters are, respectively, the rated voltage 
(intercept from zero to the point of intersection of the given charac- 


teristic segment produced with the abscissa) and the “dynamic resist- 
ance” of the transistor. The voltage AU and the resistance r are differ- 
ent for all three segments of the characteristic of the transistor. At 
the final segment, 4U is positive QU, on Fig.26); on the operating 
segment, it is negative (\U. on Fig.2b); and on the initial segment it 
is equal to zero. A simultaneous change in r and Al corresponds to an 
increase or decrease in the signal; consequently they must be regarded 
as disturbing influences when studying transients using the equivalent 
circuit. They are accordingly shown as variable quantities on the 


original equivalent circuit. 


Using the idealized, broken, static transistor characteristic (Fig. 
®) and introducing the magnitude of AU into the analysis makes 1t pos- 
sible to study the transient processes along the segments as linear pro- 


cesses. 


It will be shown below that for the calculation of transients in 
the deviations, the original equivalent circuit can be modified to an 
extremely simple series circuit with resistance r ¢ R, and inductance 
L, (Fig. le). 


In Fig.2, transients are examined in four possible cases: during a 
step increase in the magnitude of t he signal from one value to another 
_ area A (transition from point ] to point 2); during a step decrease 
in the magnitude of the signal from one value to another - area B 
(transition from point 1] to point 3); during @ step increase in the 
magnitude of the signal from zero to a given value — area C (trans- 
ition from point 0 to point 2) and when the signal is cut off complete- 
ly, i.e. changes instantaneously from a given value to zero — area D 


(transition from point | to point 0). 


In all four cases, the step change of the input s1 gnal causes an 
instantaneous transition from the origina! static characteristi of 
the transistor to another static characteristic corresponding to a new 
and different magnitude of the signa 1. During the instantaneous trans- 
ition from one transistor characteristic to another, the presence of 
inductance L. in the circuit causes 4 staggered change of voltage at 
the transistor while the load current during the first instant remains 


” 
unchanged (points 2°. 3°, O and 2). 


‘ 
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FIG.2. Real (a) and idealized (b) static 
characteristics of triode and load during 
transient processes. 


cota s R,, - the load resistance; 


cot a, = Ry - static output resistance of tran- 

Sistor at operating point on seg- 
ment II; 

ro 

f,- dynamic resistances of trensistor 
at corresponding points of the 
static characteristic of the tri- 
ode on segments I, II and III. 


Hence, it is at the initial instant when the maximum discrepancy 1s 
produced between the static characteristics of the transistor and the 
load, due to the occurrence of a self-induced e.m.f. This e.m.f. falls 
away continuously during the transient process (intercepts l-2', 1-3", 
1-0’ and 0-2"), becoming equal to zero when the static characteristics 
intersect at another current and voltage. Consequently, the configura- 
tion of the cross-hatched areas in Fig.2a gives a graphic represent- 
ation of the character of the transient. The width of the area corres- 
ponds to the magnitude of the self-induced e.m.f., i.e. the rate of 
change of current. The height corresponds to the absolute change of cur- 
rent, and the slope of the characteristics which enclose the cross- 
hatched area on both sides (the sum of the cotangents of the angles of 
slope) characterize the resistance of the load and the transistor dur- 


ing the transient process. 


As is evident from the static characteristics, in all cases the non- 
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linear change of the self-induced e.m.f. indicates a non-exponential 
change of the transistor current and voltage. It is also obvious that 
the rate of change of current and voltage in inductive circuits with 
transistors is determined, not by the static resistance of the transis- 
tors R = U/I, but by their dynamic resistance r = dU/dl. 


It can be seen from the same static characteristics that the rate of 
change of current during the transient depends not only on the resist- 
ances of the load and the transistor but also on the supply voltage, as 
this affects the configuration of the transient areas. An increase in 
the supply voltage when the signal is increasing leads to an increase in 
the self-induced e.m.f. and to an acceleration of the transient process, 


and vice-versa when the signal is decreasing. 


This important peculiarity of transients in inductive circuits with 
transistors can be demonstrated in another way. In fact, during the sig- 
nal input and transition from condition 0 to condition 2 the transient 
process of current growth ends, not at point a, as it would have done 

in a linear circuit, but at a considerably smaller current, practically 
Similarly, when the signal is cut off and transition takes 
place from point | to point 0, the transient ends, not at point 4, as 

it would have done in a linear electric circuit with voltage LU’, - AU; 
(AU, in the case given is greater than U,, and here it would have been 


necessary to change the sign), but much sooner — at point 5). 


at point a). 


Thus, transients in the initial or final segments of the static 
mav end considerably faster than in linear circuits with 
inasmuch as here they are occur- 


characteristic 
the same time constant T, = L,/r + R,. 
ring on the initial portion of the exponent. Unique forcing of the 


transient process is taking place. 


The next important peculiarity of transients in inductive circuits 
is the voltage rise at the transistor when the signal 


with transistors 
is cut off. 


Although the fact of the voltage rise when an increasing ohmic 
series with an inductive circuit 1s general- 


resistance is connected in 
the non-linearity of the transistor characteristic intro- 


omenon. As may be judged 


ly known [3], 
duces substantial peculiarities into this phen 
from the transient diagrams presented in Fig.2, 
decreases may be fairly prolonged as the 

is small and, con- 


this voltage rise at a 


transistor when the signal 
resistance of the transistor at this segment 
gnetic time constant of the circuit 
to judge that the magnitude 
xceed the supply 


dynamic 
sequently, the electroma 
From the same diagram it is also possible 
of the increased voltage at the transistor may € 


is large. 


4 
643 
4 
q 
: 
60 


644 


Transients in direct current control circuits 


voltage Up 


Thus, germanium triodes, which do not withstand an indefinite num- 
ber of prolonged voltage rises above the permissible value, may become 
defective when connected in a d.c. circuit with an inductive load. 


Experimental investigation of transients in 
inductive circuits with triodes 


In order to confirm the conclusions reached by the analysis of 
transient process from the static characteristics, we shall examine 
some typical oscillograms. In addition, we shall study the effect of the 
nature of the signal change and of various discharge devices on the 
transient process in an inductive circuit with triodes. 


For this purpose we first use oscillograms of the transients in a 


relatively powerful control circuit (the exciter winding of a Z-7, 5/30 
generator with a supplementary resistance equal to 6), fed from a P4 
type germanium triode (nominal collector current 2 A; maximum collector 


current 5 A; maximum collector voltage 26 V). 


From oscillograms of the current i when the signal circuit was made 
and broken at various values of supply voltage (Fig.3) it is noticeable 
that at a voltage of 10 V, which corresponds to operation of the triode 
at the boundary of the initial, steeply rising segment and the flat, 
working segment of its characteristic, the current curves have a prac- 
tically exponential character (current oscillogram 1) and the life of 
the transient is determined basically by the natural time constant of 
the exciter winding. When the supply voltage 1s increased to 15 and 20 
V (current oscillograms 2 and 3), the time required for the current to 


rise to the steady-state value is reduced considerably. 


When the signal is cut off, maximun coincidence with the natural 
curve of current change in the exciter winding 15 obtained when the 
voltage of the supply circuit 1s 15 and 20 V, (oscillograms 2 and 3 on 
the right-hand side). The change of current at a voltage of 10 V (os« il- 


logram 1) 1s considerably faster. 


The graphs of the voltage change at the triode u presented in Fig.3 
below, provide still more convincing support for the correctness of the 
conclusions drawn. From a comparison of the corresponding current and 


voltage curves it is evident that the process of current increase 


occurs intensively only on the steeply rising segments of the triode 
characteristics; the voltage drop at the transistcr during this process 
remains practically une hanged. The increase of voltage at the triode 


begins after the transient process at the steeply rising segments of 


the characteristics is complete. As a result of the fact that the 


| 


dynamic resistance of the transistor on the flat, working segment of 
the characteristic is many times greater than its resistance on the 


place considerably faster than the process of current change in most 
cases. This can be seen especially clearly from the oscillograms corre- 


Transients in direct current control circuits 


A 

1.0 
0.5 

1 005 00 015 t 

23 V4 

ulv 27V 3 


FIG.3. Oscillograms of transients in an inductive 
circuit with a triode at various supply voltages. 


= 89; 1 - U, = 10 V; 
n= 0.4 H; 15 V; 
I_ = 0 and 12 mA; 3 - U,* 20 V. 


initial, steeply rising segment, the process of voltage change takes 


sponding to the signal increase in the left-hand part of Fig.3. 


Oscillograms of voltage change at the triode when the signal is cut 
off also confirm the possibility of a considerable voltage rise in cir- 
cuits with inductances. For the given triode the voltage at switch-off 
was 27 V, in accordance with its static characteristics, but as will be 
evident below (see Fig.6) it can also be considerably higher. 


Fig.4 presents the results of an experimental investigation of the 
influence of the rate of change of the signal on the character and dur- 
ation of the transient in the output circuit of the triode, (the con- 
trol winding of a saturable reactor for a welding rectifier instal la- 
tion of 300 A, 45 V). The time constant of the signal circuit 7, varied 
within the limits of zero (oscillogram 1) to 0.093 sec (oscillogram 4). 


As is evident from the curves presented in Fig.4, an insignificant 
influence of the character of the signal change is displayed only when 
T. is comparable with the time constant of the load. The physical 


essence of the phenomenon in this case is that the time of growth of 
the signal is insufficient to ensure the increase of the collector cur- 
rent with a speed corresponding to the step change of the signal. In- 
stantaneous values of collector current are determined by the corres- 


pondingly lower values of the signal; therefore, the relationship 
between the current and voltage of the triode is characterized, not by 
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FIG.4. Oscillograms of transients in inductive 
circuit with triode for various time constants 
of signal circuit. 


20 V; l-T. = 0; 
0.0036 sec; 
0.039 sec; 
T, 


Ss 
9 


0.093 sec. 


3 
‘a 


the rising part of the static characteristic, but by some other curve 
shifted to the right into the zone of smaller signals. This is indicated 
by the fact that the voltage at the transistor begins to increase (curve 
4) considerably earlier than the completion of the process of current 
growth. 


From the experimental results given in Fig.4, very important conc lu- 
sions can be drawn concerning the dynamic properties of closed systems 
with transistors. These conclusions indicate that a closed dynamic sys- 
tem with a semiconductor amplifier supplying an inductive load can 
transform itself after the application of a disturbance into an open 
system, since under these conditions the character of the transient pro- 
cess in the load circuit of the triode does not depend on the magnitude 
and rate of change of the signal in its control circuit and is deter- 
mined solely by the dynamic properties of the load circuit and the sup- 
ply voltage of the amplifier. The presence of a triode in a closed auto- 
matic control system transforms it exclusively into a relay system. 


When relatively powerful inductive consumers are fed from transist- 
ors, the phenomenon of “opening” a closed circuit will always be observ- 
ed when the disturbing quantity is applied structurally directly before 
the semiconductor amplifier (Z, on Fig.5). This same phenomenon will be 
observed also in the case where the disturbing quantity 15 applied after 
the semiconductor amplifier, if the signal in the feedback circuit 1s 
propagated faster than the current rises at the amplifier output (Z on 


Fig.5). 
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FIG.5. Block diagram of closed system with 
semiconductor amplifier. 


transmission function of d.c. 
semiconductor amplifier and 
control winding; 


transmission function of feed- 


back; 


disturbing quantities applied 
respectively before and after 
the semiconductor amplifier. 


Consequently, when a semiconductor d.c. amplifier feeds the control 
windings of electrical machines and apparatus with considerable induc- 
tance, “opening” of the closed circuit must be a widespread phenomenon. 


The oscillograms presented on Fig.6 relate to a study of the influ- 
ence of various discharge circuits on the magnitude of the voltage rise 
u at a P4D triode. The same excitation winding of the d.c. machine was 
used as a load, but with a smaller supplementary resistor, (3) instead 
of 62). In addition, in this case the current I, was increased from 12 
to 35 mA, which corresponds to increasing the working current of the 
triode to 2 A and the supply voltage of the signal to 12 V. 


From the oscillograms presented in Fig.6a it is evident that with- 
out a discharge circuit, the voltage rise u reaches a magnitude of 37 V 
at a supply voltage ~ 12 \ and that this increased voltage remains 
almost unchanged for ~ 0.03 sec, (curve 1). In this respect a circuit 
with a triode having a non-linear characteristic differs from any other 
linear circuit. When a discharge resistor 15 included (curve 2), the 
maximum voltage at the triode remains practically the same, but the rate 
of fall of this voltage increases considerably. In 0.03 to 0.035 sec 1t 


reaches a steady-state value almost equal to the supply voltage. As 


would be expected, when the resistance of the discharge circuit 18 fur- 


ther reduced (curve 3), there is a sharp reduction in the voltage rise 


at the triode when the signal 1s cut off. The inclusion of a very small 
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FIG.6. Voltage oscillograms at the triode (a) and 
load current (6) for various methods of connecting 
the inductive load to the triode. 


12V; R= SH L = 3S mA; 
n n 

without discharge circuit; 

discharge resistor R_ = 30 ; 

discharge resistor R. = 19; connected in 

series with two selenium washers 45 mm in 

diameter; 

with discharge circuit containing only a 

selenium cectifier consisting of two wash- 


ers 45 mm in diameter connected in series. 


discharge resistance is especially effective (curve 4). So as to obvi- 
ate useless loading of the triode by the current of the discharge cir- 
cuit, in cases 3 and 4 a selenium rectifier was also connected in the 


discharge circuit, in the non-conducting direction. 


The oscillograms presented in Fig.6 reflect the character and dura- 


tion of the change of current .. in the load for various dis« harge 


resistors. It follows from a comparison of these oscillograms that an 
effective reduction of voltage at the triode and an increase in the 
speed at which it falls leads to a reduction in the rate of fall of the 
load current. Consequently, a discharge resistor in inductive circuits 
with triodes should be selected considering these two factors simultan- 


ecusiy. 
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Equation for a transient process in an inductive circuit with a 
triode and procedure for calculating transients 


The experimental curves of transients given above may also be 
obtained by calculation. If the idealized static characteristic of the 


triode is used for this purpose and a calculation made for each of the 


segments of this characteristic in the deviations, the calculation pro- 


cedure becomes extremely simple: in any case it will entail a step-by- 


step solution of two linear problems by means of the same graphic analys- 


is methods, but with different numerical data. We shall show this in a 


genera 1 form. 


Mathematical formulae for the analysis of transients could be 
obtained directly from the equivalent circuit containing the quantity 


AU. However, the following method is simpler and more obvious. 


4 transient in any segment of the triode characteristic, occurring 
during a step change of the signal, for example, transition from char- 
acteristic 1 to characteristic 2 (Fig.7) is subject to the initial 


equation: 


aI’ 
U,=1,(R, +R, )+1 (1) 


Here the absolute values of current at segment I] of the triode static 


characteristic which passes through point 2 are deneted, not as in the 


steady state by 7.,, but by 7$ and the varying static resistance of the 


triode at the same segment is denoted by A. 


Differential equation (1) is not convenient for use, as, in the 


first place, it contains the non-linear parameter R% and, in the second 


place, non-zero initial conditions must be found each time when chang- 


ing over from one segment of the characteristic to another in the 
course of the calculation. So as to simplify the expressions for the 


analvsis of transient processes, we transform the initial equation (1) 
from the steady-state 


I, For this we express /5. 


into an equation for deviations of current 1 
value before the application of disturbance 
U, and R} in terms of other quantities. 


We shall replace the variable J%, the absolute value of current, bv 


at the instant t = 0 after the application of 


the value of the current 
I, and the deviation from this quantity t.: 


the disturbance I». 


(2) 


+i, 


we shall write the equation of the 


To determine the quantity Ups 
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FIG.7. Derivation of transient process equation. 
U3 and U* — present values of voltages of To. 


triode and load. 


triode circuit for the instant t = 0 before the application of the dis- 


turbance, introducing into it the static resistance R, (at point 1). 


Then 


U,=1,(R, +8,)- (3) 


Finally, as can be seen on Fig.7, for the straight line segment of 


the characteristic 2, the variable voltage at the triode 


where Ro. is the static resistance of the triode at the instant t 0) 
after the application of the disturbance: 
r, is the dynamic resistance of the triode on characteristic 2. 


If expressions (2) to (4) are now substituted in the initial equa- 


tion (1), then, after some transpositions, we obtain the following dif- 


ferential equation: 


Ly (rs Ry) is tl, (Ros — 
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which for the case of a reduction in the signal has the form 


(r, + (Ros — = 9. (56) 


The general equation in operator form for any change of signal will 
be written in the following form; 


Here the suffix x denotes that this equation is valid for calculation 
using the corresponding straight line segment of the static character- 
istic of the triode. Accordingly, the variable L., representing the cur- 
rent deviation at any instant of time after the signal change corres- 
ponding to the transition from static characteristic ] to any x-th char- 
which determine respectively 


acteristic, and the constants Pa and Ro,» 
the dynamic and initial static resistances at the given segment of the 
x-th characteristic of the triode, have been introduced into expression 


(6). 


}, has the 


The solution of equation (6), as is well known from [3 


form 


ARI, =(R, ‘te It, d 


is the equivalent disturbing voltage, i.e. the product of the difference 
between the static resistances AR and the current J, at the initial 
instant, equal to the self-induced e.m.f. at the first instant after the 


application of the disturbance, i.e. when t = 0; A, * *, *h, = the 

equivalent active resistance of the load circuit of the triode. 

T.. = L./R.. = L./r. + R. = the equivalent electromagnetic time constant 
n 


ex n ex 
of the load circuit. 


In this way, using the formulae given, it is possible to calculate 
the curves of current change in inductive circuits with triodes if the 
parameters of the load and the static characteristics of the transistor 
at various signals are known. The calculation will reduce itself to a 
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study of transients in the elementary equivalent circuit shown in Fig. 
le. The parameter r_, necessary for the calculation, should be determ- 
ined from the slope of the static triode characteristic at the segment 
corresponding to the transient process being studied as the cotangent 
of the angle of slope of this characteristic segment to the abscissa. 


The magnitude of U,. is best found graphically, considering that it 1s 


equal, to a definite scale, to the length of the horizontal intercept 
between the static characteristics of the triode and of the load at the 
instant when the disturbance is applied, i.e. equal to the self-induced 
e.m.f. at this moment. 


If the transient occurs, first on one and then on another segment of 
the triode characteristic, the calculation should be continued after 
the break point according to formula (7), as though, at the instant cor- 
responding to the break in the characteristic, the quantity t, were 
changing from zero under the action of a disturbing voltage equal to 
the self-induced e.m.f. at the point of break. The values of 1, after 
the point of break should be summed with the maximum value of t, on the 
preceeding segment. The sum obtained should be considered as the real 
current change from the instant of initiation of the transient, 1.e. 
from the instant the magnitude of the signal changes. After passing 
from one segment of the triode characteristic to another, r. and, con- 
sequently, R_. and T,, will, naturally, be different. 


The voltage change at the triode from the previously plotted cur- 
rent curve is simplest when obtained graphically, using the stati¢ 
triode characteristics, i.e. determining the required voltages directly 
from the curves, proceeding from the current values calculated accord- 
ing to formula (7). The use of special mathematical formulae is hardly 


expeditions for this purpose. 


To confirm the practical feasibility of applying the procedure des- 
cribed, a calculation was made of the transient process taking place on 
connecting a P4 triode into the exciter winding circuit of a Ze7.5/30 
generator and the calculated curve was then compared with the experi- 
mental one (curve 2 in Fig.3). As is evident from the relationships 


shown on Fig.8, the results are in satisfactory agreement. 


Everything said above concerning the calculation of transients in 
inductive circuits with triodes relates to the case where the transis- 
tor is connected to the load without a discharge circuit. linder real 
conditions, when transistors are operating where 1t 1s necessary to 
protect them against dangerous overvoltages, the discharge circuits 
must. contain rectifiers connected to the collector voltage in the non- 


conducting direction. In these cases the transients caused by an 
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FIG.8. Experimental and calculated curves of 
transients in inductive circuit with a triode. 


R, = 8; L, = 0.4 H; 
y.2 18 V3 I 12 mA; 
P s 
— - calculated curves. 


increase in the signal will proceed in exact correspondence with form- 
ula (7) deduced above. 


If, when studying transients caused by the reduction or complete cut- 
off of the signal, it should become necessary to allow for the effect of 
the discharge contour, this problem can also be solved by using the 
relationships derived above. In so doing, it is only necessary to allow 
for the fact that, due to the presence of a rectifier in the discharge 
circuit, the transients during the increase and decrease of signal will 
be described by different parameters, since with decrease of the signal, 
the natural static characteristic of the triode will be modified because 
of the shunting of the triode resistance by the resistance of the dis- 
charge circuit. Attention should also be drawn to the fact that when 
calculating transients in circuits with triodes protected by discharge 
circuits, it is necessary to allow for the fact that the triode current 


is not equal to the load current. 


In conclusion, we shall note that, although the present paper 1s 
devoted to an analysis of transients in the output stages of d.c. amp li- 


fiers feeding the control circuits of industrial equipment, some of its 


principles may be used in the analysis of transients 1n other mean cur- 


rent value amplifying circuits with transistors (4). 


Translated by R.D.M. Hegarty 
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ABSTRACTS FROM PAPERS PUBLISHED IN ELEKTRICHESTVO 
No.12, 1959 


Excitation regulation and stability of power station generators working 
on two systems. V.P. Kostenko, V.E. Kashtelian, N.S. Siryi and G.R. 


Gertsenberg. (pp.1-9). 


In order to damp oscillations and dispense with large control coeffic- 
ients, use has been made for long distance transmission of automatic 
excitation regulation according to the stator current of synchronous 


generators and its derivatives. The regulators developed by the All- 
Union Electrical Engineering Institute using regulators with a ‘non- 
linear’ current element to increase voltages on the station busbars may 
be replaced by regulators based on the principle of excitation regula- 
tion according to frequency variation and its first derivative. The 


paper presents the results of investigations into various types of line 
current regulators when transmitting power in two directions for static 


and dynamic stability. 


The main roads to all-out electrification. I.A. Syromiatnikov. (pp. 13- 
21). 


In reviewing the long term plans for electrification the author stresses 


the overriding significance of a single power grid for the U.S.S.R. with 


central administrative control. For planning purposes use should be made 


of a single method of technical-economic accounting put forward by the 
loca! regional power systems may be 


CGNIK. If economically expedient 
approved. However the author advocates the formation of an Electrifica- 


tion Committee under the Council of Vinisters to co-ordinate activity 


and ensure priority for all equipment etc necessary for the single 


power system. 


On criteria for power quality and the quality of automatic regulation 
for power system performance. V.A. Venikov and L.A. Soldatkina (pp. 2l- 


losses opere- 


A study is made of voltage and frequency variations, power 


ating costs, voltage disequilibrium and asymmetry and the presence of 
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harmonics in the consumers’ voltage curves as ‘criteria of power quality! 
The study of such factors is intended to facilitate the elucidation of 
‘integral criteria’ for the planning and control of power system opera- 
tion. The authors advocate the installation of integra | voltmeters in 
distribution systems to gain the necessary experience with the Ailleret 


criteria. The system used in France is described. 


A quantitative evaluation of voltage quality. N.K. Arkhipov. (pp.26-27). 


Following up Ailleret’s proposed criterion of voltage quality (Bull SFE, 
6, 61, 1956) the author considers the function of the integrating volt- 
meter for measuring this quantity. The author gives an example of the 
use of probability theory and statistics suitable for practical use. The 
author draws attention to the work of Besomertnyi in this field which he 
claims proceeded independently of French investigations. The appropriate 
references are given. 

1960 
How intermediate power take-off affects the cost of long distance power 
transmission systems. \.N. Krachkovskii. (pp. 28-32). 

The author discusses the opinion that the savings made by long distance 
transmission on d.c. are lost if power is tapped part way along the 
line, which it is thought is the typical case. The author disputes this 
argument and claims that d.c. ultra-high voltage transmission 1s econom- 
ic with or without intermediate take-off. He quotes the case of the 

East Siberia-Urals line as an example and produces estimated costs to 


make his points. 


Selecting the phase of the complex coefficient for the composite current 
filter in the phase comparison protection of compensated networks. 
N. I. Owchaienko. (pp.33-34). 


The author advocates the use of a combined current filter of the 


K.I, + I, + Kole type in the high frequency transmitter control device 


for differential-phase protection in networks with small earth faults. 


The author proceeds to select the argument of the coefficient K, 
for a combined current filter of the Ky I, I, - ala*+ K,) I, type to 
increase the sensitivity of the differential phase protection. Maximun 
sensitivity is obtained to an earth fault in phase A when a = 60° and 
in phase C when a = 180°. He also recommends the use of filters with a 
negative coeffi rent in the presence of positive sequence current suc h 
as developed for 35 kV in Teploelektropoekt jointly with the Electrica) 


Engineering Scientific Research Institute. 


| 


5U 


Abstracts 


The control system for the drive of a continuous high-speed cold roll- 
ing mill. B.N. Draliuk. (pp. 35-39) 


The first Russian high speed continuous cold sheet rolling mill was 
installed at the end of 1956. Its maximum speed for the last fifth mill 
housing is 28.4 m/sec with the following average acceleration (accord- 


ing to the sheet for the fifth housing): a) momentum dv/dt = 2 m/sec“, 
bh) braking dv/dt = 2.8 m/sec 2 c) forced braking dv/dt = 4.7 m sec”. 
The control system is mainly based on voltage cont rol of the generator 
which ensures the correspondent e of the generator voltages for all 
housings of the mill and regulates the mechanical characteristics of the 
motors by compensating part of the voltage drop in the ohmic resistance 
of the generator-motor circuit. The control system for the excitation 
current of the housing motor regulates the motor field and the load dis- 
tribution between the motors of the rollers. The results of investiga- 
tions into the voltage cont rol system for the housing generator are 


given in detail with diagrams. lise of an ionic exciter in place of mag- 


netic amplifiers is recommended. 


On computing static speed characteristics for a controllable mercury 
arc rectifier motor system. E.N. Zimin. (pp.59-46). 


The author describes with diagrams the block scheme and grid control 
system of a modern continuous variable electric drive based on a con- 
trollable mercury arc rectifier -— motor system and proceeds to ascert- 
ain the connexion between angle a and the resulting signal at the input 
(grid control characteristic), in order to calculate the static speed 
characteristic in @ ¢ losed automatic control system. Spe ial attention 
is paid to (a) a sx heme with negative feedback according to speed, (5) 
negative voltage feedback but positive current feedback, (c) negative 
feedback according to speed and positive current feedback. A method is 
proposed to ascertain the feedback coefficients and plot the relevant 


speed characteristics. An example of the method is given. 


Duration of transients in circuits with three phase bridge rectifiers. 
V.D. hakevich. (pp.61-63). 


The author claims that it is possible to vary the duration to transient 


processes in circuits with three phase bridge rectifiers by selecting 


the parameters of the rec tifier plant and if necessary connecting cap- 
acitors 1n the a.c. circurt (before the rectifiers). This would then 
make apparatus fed from current rectifiers considerably more quick- 
acting. 

Switching surges on arresters having a reduced breakdown voltage. 

1). V. Shishman. (pp. 64-69). 


The reduction in the level of puncture voltage as is known would make 
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it possible to limit the magnitude of internal overvoltage and having 
reduced the level of the atmospheric over-voltages acting on the insul- 
ation it would be possible to set less stringent conditions for the 
insulation of electrical equipment, mainly transformers. The author con- 
siders the effects of over-voltages arising when tripping inductive 
loads and capacitances and in the presence of earth faults via an inter- 
mittent arc, resonance and other abnormal phenomena. 


On switching current when interrupting one of two parallel circuits in 
electrical apparatus. V.N. Nikiforovskii. (pp.70-74). 


A study is made of the process and time for variation of the current 
after an arc has been formed. Such an arc arises when breaking one of 
two parallel circuits in electrical apparatus (main contact circuits) 
if the voltage on the divergent contacts is greater than the voltage 
for firing the arc. The author also calculates the energy dissipated on 
the contacts while the arc is burning. 
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Using electronic analogue computers for studying transients in electric 
systems. I.A. Gruzdev and “.L. Levinshtein. (pp. 1-14). 


A study is made of the possibilities of a certain type of mathematical 


modelling using computers and an attempt is made to elucidate those 
when solving power system problems. After 


specific features which arise 


of the machines and the conditions which 


considering the main elements 
they must satisfy the authors quote examples of the use of analogue 
computers. It is shown that these machines cannot be used for all likely 
problems. Their most rational field of application is considered to be 
where there is wide variation in the parameters of the elements of the 
system and its non-linear characteristics when the scheme itself is not 
very complex. He stresses the need for improving the elements of these 
machines and the elaboration of more rational methods of solving equa- 
tions and, especially equations in partial derivatives. It is held to 


be equally important to analyse the stability of structural solution 


schemes containing many linear and non-linear deciding elements. 29 


references. 

: A high-speed differential relay protection using semiconductors. 

G.T. Grek. (pp. 14-20). 

7 A studv is made of differential protection on rectified currents with 
. electrical braking from the aperiodic component of the differential 
_ current and reacting devices in the form of d.c. relays (polarized or 


moving coil) which can be connected either to the output from a compar- 
ison scheme direct or via a d.c. amplifier. Such protection can be 
given in such a way that a number of the parameters will be better than 


the corresponding parameters of differential protection with magnetic 


braking. Here protection can be given with one reacting device for 
three phase objects. Selectivity, high speed operation and sensitivity 


are assured. The use of d.c. sensitive relays as the reacting device 


connected directly or via an amplifier to the semiconductors makes it 


possible to reduce protection requirements. 
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How to select the basic parameters of excitation systems for self- 


excited synchronous generators. D.V. Vilesov and I.A. Ryabinin. (pp. 20- 
24). 


An attempt is made to show how to determine the main parameters of the 
basic elements of self-excited synchronous generators (SSG) mathematic- 


ally as a function of the generator characteristics so as to stabilize 


the generator voltage and ensure the minimum total power of the main 


elements and yet preserve a very compact scheme. Attention is concen- 
trated on phase compounding with the summation of the currents propor- 
tional to the voltage and the current in the main generator circuit. 


Approximate account of additional hydro-electric generator torque com- 
ponents in appraising transmission system transient stability. 
G.B. Chernikov. (pp.25-29). 


A mathematical study is made of pulsating rotating moments (braking) on 
the shaft of a synchronous machine and their effect. In the presence of 
comparatively “close” short circuits it is considered necessary to take 
this braking action into account in calculations for dynamic stability 
of transmission with particular reference to the Lenin Volga hydro- 
electric station. 


How the rating of d.c. machines varies with ambient temperature and 
altitude. Panfilov. (pp. 30-33). 


In view of the extensive use of modified totally enclosed, protected 


and tropical machines the author seeks to improve on L. Berger’s graph- 


ical relationships for the effect of ambient temperatures on the output 
of electrical machines (Deutsche Elektrotechnik, No.1], 1957) and 


develop a more accurate mathematical and graphical method applicable to 


d.c. machines. The effect of altitude is also studied. It is considered 


sufficient to know the temperature rise of the armature winding in no 


load conditions. Temperature and altitude changes have a greater effect 


on permissible output the worse the cooling conditions, the higher the 


speed and the larger the machine. 


Static computations of d.c. motor drives. S.A. Bakharev. (pp. 34-37). 


A description is given of a mathematical method of calculating the 


steadv state conditions of a d.c. drive. The article is a revision of 


the author’s previous paper in Elektrichestvo in 1954. The method, 


which is now applicable to mac hine-tool drives, can be used for com- 


pli ated automatic contro! systems. It is claimed that the method is 


sufficiently accurate. 
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Magnetic flux distribution and the commutating field in machines having 
all or half the commutating poles. I.Z. Ageev. (pp. 38-43). 


In machines operating in a greatly weakened field the main field is 
strengthened because of the longitudinal component of armature reaction, 
the asymmetry of the field and the additional poles of the commutating 
sections and this leads to distortion of the operating characteristics. 
Besides dealing with the general theory of additional poles, a detailed 
study is made of the magnetic flux distribution in systems with all or 
half the number of additional (commutating) poles and a method is given 
for determining the additional poles and plotting the resulting and 
commutating fields with an increased number of poles. 


Determining the optimum dimensions of a transformer. P. Kyul’ovskii and 
Kh. Kukushev. (pp. 43-48). 


A more practical method is proposed for determining the optimum dimen- 
sions of a transformer so as to obtain the desired no load current more 
easily. Given the quality of the steel and the losses in the no load 
current the specific electromagnetic loads can easily be determined for 
the calculations. The calculations are based on m-phase transformers 
with m windings mounted on their cores. The windings are concentric 
with the same height and number of turns. An example of the method is 
given. 


Electromagnetic phenomena in flat induction pumps for molten metals. 
N.M. Okhremenko. (pp. 48-55). 


Electromagnetic pumps for molten metals have been used in nuclear reac- 
tors with metallic heat carriers and may also be used in the metallur- 
gical and foundry industries. Flat linear induction pumps (diagram 
given) are considered to be simple in design and apart from other 
advantages can be supplied from conventional three phase current 
sources. Acknowledging such devices to be in their infancy an attempt 
is made to study the electromagnetic phenomena in a flat pump and 
appraise the transverse and longitudinal edge effects and the de-magnet- 
izing effect of the currents in the metal. Attention is paid to the 
problem of establishing expressions for the pressure developed by the 
pump, the power losses and the equivalent parameters of the secondary 


circuit. 


Natural oscillations in a coil. L. Genov. (pp.55-59). 

The author begins by reviewing published works dealing with the theory 
of over-voltages in transformers and the importance of free oscil la- 
tions in coils with steel cores. A formula is proposed for calculating 


the frequency of free oscillations in coils with steel cores, Maxwell 
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equations being used to calculate the mutual inductance between the 
turns analytically. The distribution of the current along the length of 
the coil is taken into account when calculating the magnetic field in 


the “window” of the core. 


A three-wire supply scheme for trolley buses. V.E. Rosenfel’d, V.N. 
Popelyash and A.G. Smirnov. (pp.60-64). 

The author appraises the efficiency of the three-conductor power supply 
system for trolley buses on the basis of three years research in the 
Kaluga faculty of “Electrical Transport”, the Moscow Power Institute 
and the “(CGiprokommundortrans” Institute. Extensive tables are given 


which show that the three-conductor system is far superior to the two- 


conductor system, 


Calculating rail circuits when accounting for station tracks. 
D.B. Lomazov. (pp. 64-67) 


The presence of station tracks on electrified railway lines leads to 
the reduction of transient resistance [ror rails to earth, an increase 
in strav currents and a reduction in the resistance of the whole rail- 


wav circuit. In order to make the calculations, this heterogeneous rai! 


circuit 18 ret lace 1 bv an equiv silent cure uitecel! scheme and the anal- 


vtical calculation compared with experimental data. It 1s recommended 


that » laving of additional rail “threads” in the inter-track space 


he abolished as it leads to an increase in stray currents and a waste 


of material. 


Maximum power conditions in a circuit containing a non-linear element. 


MLE. Svyrkin. 
Certain devices, for example a zero sequence current transformer, have 


to operate in Maximum powell conditions when the load, connected in 


series (parallel) to the device and fed trom an e.m.f. (current) source, 
is such that maxir possible power is generated in it in the cireunt 


with the device -etion at the given e.m.f. and variable load. The 


characteristic of . device is usually non-linear and a study 18 made 


oft the maximum power conditions in ¢ ircuits witt non-linear e lem nts 


which ie«. circuits. Deductions are made which are 
approximately true for purely reactive (active) circuits containing 


sinusol ia! e.m.ft. or current sources (3? the harmonics arising due to 
the non-linearity of the circuit are ignored). 

A scheme for testing large high voltage valves. G.I. Polyak and V.G. 
(woivetin. (pp. 73-74 


In order to solve transmission the authors propose 


1960 


9 

662 


60 


Abstracts 663 


replacing “synthetic” schemes for testing powerful valves by a test rig 
(diagram given) in which a voltage is applied to the valve on test which 
naturally arises in the high voltage convertor system. The rig consists 
of three circuits: high voltage, current and oscillating and the valve 
is connected in the first two. A valve is introduced for separating 
these two circuits whose electrical strength is restored at the moment 
when the valve on test is extinguished. Tests can be carried out in 


normal and fault conditions with approximate grid control. 


The interdependence of the physical properties of polymers. 

N.1. Vorob’ev. (pp.75-76). 

An attempt is made to establish a relationship between certain physical 
properties of polymers; namely, the relationships between density and 


“vlassing” temperature, the modulus of elasticity and “glassing” temper- 


ature and the coefficient of linear expansion and “classing” temperature. 
The majority of physical properties here depend on inter-molecular 


forces which also determine the field of application of the polymers. 


Errors of galvonometers in integrating. L.A. Biber. (pp.77-81). 


An investigation has been made at the All-Union Electrical power scien- 
tificeresearch Institute into reactions to impulses and the errors of 
“integrating” gal vonometers under the influence of high and low frequ- 
ency pulses of different shape. An attempt is made to establish the 
conditions which “integrating” galvonometers must sat isfy for the cor- 


rect reproduction of pulse processes. 


Improving the traction characteristics of a.c. electromagnets. 

P.M. Vaisburd. (pp.82-83). 

In order to change the drawing characteristic of an electromagnet with- 
out altering the design of the magnet, the author describes three ways 


of improving the drawing characteristics of a.c. electromagnets: by 


increasing the supply voltage, rectifying the supply current and the 


yse of ferro-resonance. 
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Lenin and all-out electrification of the U.S.S.R. 1.A. Syrometnikov. 
(pp. 1-6). 

The paper relates Lenin's plans for the electrification of the U.5.5.R. 
and briefly traces the development of electrification in the U.S.S.R. 
from 1917 to the present time. The long term plans for the next 20 1960 
vears are also considered. These do not necessarily exclude the devel- 
opment of atomic power stations. The article is in commemoration of 


Lenin’s birthday 90 years ago. 


A method for investigating dynamic stability on analogue computers. 
V.S. Tarasov, A.I. Vaizhnov, Iu.V. Rakitskii, V.V. Popop and L.N. 
Semenova. (pp. 7-12). 

A method is proposed for using an LPI computer for investigating trans- 
ient processes in two synchronous machines operating 1n parallel with a 
network of infinite power via concentrated resistances. It is assumed 


that the effect of the active resistance ~f the stator circuits and the 


transient processes caused by this resistance can be ignored, The study 


is made of non-salient pole synchronous machines having a rotor with 
two svmmetrical windings along the d and q axes, a non-saturated mag- 
netic circuit and variable excitation. The author advocates the design 


of spec ialized analogue computers. 


Electronic excitation for machines in the main drive of reversing roll- 
ing mills. V.la. Pistrak and L.H. Balabueu. (pp. 13-20). 


A study is made of the use of ionic converters instead of dynamoelec- 


tric amplifiers for the excitation of d.c. machines in connexion with 


the development of control systems for the drives of blooming and slab- 


bing mills. It is claimed that industrial service has demonstrated the 


advantages of the ionic converters as des¢ ribed. 
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A reversing scheme for automatic speed contro! with electromagnetic 
powder clutches. T.A. Glazenko. (pp.21-26). 


The linearity of the operating characteristics of electromagnetic powder 
clutches, the low excitation power, the possibility of great accelera- 
tion in the system and their compactness warrants their use in automatic 
control systems. A description is given of several control circuits and 
a study made of the static and dynamic characteristics of reversing sys- 
tems for speed control using electromagnetic powder couplings. 


A loweinertia motor drive for excavators. V.I. Kraitsberg, D.A. Kamin- 
skava and V.P. Lomakin. (pp. 26-30). 


Owing to the frequent shock loads encountered when the bucket strikes an 
immovable obstacle the authors describe a generator-motor drive system 
with dvnamoelectric control incorporating continuous voltage and current 
feedbacks with cut-off and a stabilizing transformer. Provision is made 
for two-stage extinction of the generator magnetic field when the com- 
mand controller is set in the zero position. A special feature 1s the 
additional resistance which is connected in series with the generator 
excitation winding in order to reduce the electromagnetic time constant 
of the generator. Stabilization is increased by a ballast resistance 
connected in parallel with the armature of the amplifier. It is claimed 
that the proposed scheme prolongs service life, reduces the number of 
breakdowns, and though costly, more efficient. A smaller transmission 


ratio is advocated. 


Calculating a.c. machine transients using frequency characteristics. 
E.la. Kazovskii. (pp.30-37). 


The mathematical relationships underlying the use of frequency methods 
for the theory of synchronous machines are given. Frequency character- 
lence of the 


istics are defined as the experimentally determined depen 
150 


mean stator current on the slip of the rotor for a non-excited 
turbo-generator of 3000 rev/min connected to a power network as a motor. 
Such relationships have been produced in the All-Union Electrical Engin- 


eering Institute. A study 15s only made of the case of stator symmetry. 


Only transient processes are considered at a 
being taken of machine saturation. Methods are propos 
according to transient processes and us- 
in the event of a three phase short 


constant speed, no account 


ed for determining 


the frequency characteristics 
ing the frequency characteristic 


circuit and for the case when the machine 1s connected to the network. 


The differential equations for a synchronous generator in transient 
stability studies on analogue computers. B.N. Kagan and E.L. Urman. 
(pp. 37-42). 


4 study is made of the use of automatic digital computers (AT VM type). 
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An improvement is required in the mathematical description of transient 
processes in synchronous machines and other power system elements as 
well as the development of new methods of investigation. The results are 
given of an investigation with a digital computer carried out to eluci- 
date the effect on the theoretical limit to dynamic stability in the 
first cycle of the swing of various factors (saturation, damper system, 
transformer c.m.f.’s induced in the stator windings etc.). 


Special performance characteristics of heavily loaded transmission 
lines. G.M. Sekhniashvili. (pp. 42-46). 


A method is proposed for investigating the conditions of heavily loaded 
transmission lines which can reveal the physical state of the lines and 
solve problems connected with the establishment of optimum operating 
conditions, the discovery of cheap methods of improving conditions and 
the determination of the requirements as regards automatic equipment. 
The method takes into account the active resistance of the transmission 
line conductors. 


An automatic device for load distribution in power systems. S.V. Lsov, 
G.M. Pavlov, V.A. Slabikov and I.A. Budkin. (pp.47-51). 


In order to automate the process of load distribution with power losses 
taken into account the Kalinin Polytechnical Institute in Leningrad has 
developed a simple counter-resolving device called ANRAN for systems 
for any configuration. The operation of the device is based on the 
principle of equal partial specific fuel consumption at each station. 
The device is based on d.c. resolving amplifiers with a negative feed- 
back. To obtain summation accuracy of 0.1 to 0.2% use is made of three 
cascade 6N2P valve amplifiers with an amplification factor of 40,000 
and linearity of + 100V at loads over 50 kohm. 


The error and applicability of formulae for specific permeances. 
B.K. Bul’. (pp.51-57). 


The accuracy with which a magnetic circuit with an air gap can be cal- 
culated mainly depends on the accuracy with which the permeance of the 
field of “swelling” can be determined. This is often impossible as the 
field is three-dimensional. An investigation has therefore been made 


into the flux between the side surfaces of the poles with different 


gaps. The permeance due to field “swelling” is held to be dependent on 


the ratio of the pole width to the size of the gap. The limits are 
given within which the Evershed, Rotors, Cramp and Colderwood, Finnis 
and Slivinskii formulae are valid. The “Forb” and Schmidel formulae 


are not recommended. 
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Extinction processes of a free a.c. arc. I.S. Taev. (pp.57-64). 


The author determines the conditions under which a free (open) a.c. arc 
will be ruptured at the contacts of tripping apparatus during the first 
transition of the arc current through zero. The current range is between 
unity and thousands of A, network voltage 127 to 660 V and frequency 50 
c/s. The investigation has made on a contactor with copper pin contacts. 
The conditions for a.c. arc extinction are considered and then the nat- 
ural frequency of the low voltage networks. The length of the free arc 
and its speed are then discussed. The author then studies the growth of 
recovery strength in the column of the free arc at a source frequency 
of 50 c/s. The “near-cathode strength” of the a.c. arc is then studied. 


Extinction of an open arc. A.S. Maikopar. (pp.64-69). 


In order to avoid disconnecting the fault section when an open arc is 
formed due for instance to mechanical damage to cables, a study is made 
of the conditions for independent arc extinction. Difficulties arise 
however due to the tendency for the discharge column to turn into a 
spiral. After reviewing earlier investigations the author describes the 
tests carried out and the investigation made into arcs between metallic 
electrodes corresponding to arcs arising in high voltage equipment. 


Calculation of transients in linear circuits with concentrated para- 


meters using recurrence formulae. N.S. Kochanov. (pp.70-72). 


A method is proposed for calculating transient processes which is not 
too approximate, not based on the Laplace transformation theorum, does 
not entail the laborious work involved in calculating discrete values 
of functions at different intervals and for which a criterion of accur- 
acy is available. The method is also used on digital computers. An 


example of the calculation is given. 


77). 


Theory of current and voltage stabilizers. Dodik. (pp. 73-77 


Current and voltage stabilizers in the presence of small changes in 
current and voltage arc represented as a linear multi-pole for which a 
set of equations can be produced, this set of equations being re-writ- 
able in matrix form. This method of analysis is developed and relation- 
ships produced suitable for investigation into any type of system of 
current and voltage stabilizer. Examples of the calculation arc given. 


A new type of small metal-varnish capacitor. V.T. Renne. (pp. 77-81). 


The widespread use of semiconductor instruments has reduced the voltage 
at which capacitors operate to the order of tens of volts and below so 
that the specific volume of capacitors is reduced because of the thin- 


ner dielectric. Earlier attempts to use varnished film failed since 
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weak points could not be eliminated, An account is given of new methods 
used in Western countries where use is made of a coating in the form of 
very thin layers of metal (less than 0.1 micron thick) which are applied 
to the surface of the dielectric by vaporization in vacuum. In the event 
of puncture the layer of metal about the weak peint melts and vaporizes. 
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An analytical method for determining the dynamics of d.c. electro- 
magnets. A.K. Ter-Akopov. (pp.1-5). 

A study is made of the method of finding a formula for the movement time 
of the armature which would not only take into account the basic para- 
meters of the magnet but also make it possible to determine the optimum 
inductance for the minimum time of movement. Experimental investigation 
was carried out on an E-shaped magnet made of sheet electrical steel 
gauge 0.35 mm. The appropriate measures were taken to conform to the 
theoretical assumptions. Theoretical times were not more than 15 to 18% 
greater than the test values. The existence of an optimum production 
force for the minimum time of movement is established. 


The effect of corona on voltage surges in transmission lines. 
G.N. Aleksandrov. (pp.6-13). 

Formulae are produced illustrating the relationship between the corona 
discharge effect on overvoltages on the one hand and the parameter of 
the line and the transient processes in them on the other. Surges under 
the influence of corona are lower, the greater the amplitude of the 
voltage compared with the initial corona voltage and the smaller the 
radius of the conductors and the equivalent frequency of the transient 


process. 


An improved scheme for exciting the arc in mercury-arc valves. 
V.M. Mantrov. (pp. 13-15). 

In order to reduce the power consumption of the constantly burning 
excitation arc and simplify the excitation system, the author proposes 

a modernized arc excitation system for mercury arc rectifiers. This 
system is diagramatically represented. With positive polarity at the 
auxiliary anode (1) an arc arises between it and the cathode and a half- 
wave of current passes through a reactor. When the current in the reac- 
tor drops an e.m.f. is induced and anode (2) is ignited. Consequently 
the second half-period of current in the excitation circuit flows at 
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the expense of the power reserved in the reactor. In subsequent periods 
the current in anode (1) circuit increases at the expense of the current 
of the previous half-period, which also increases with the growth of the 
maximum of current passing through the reactor. 


How economic factors affect the parameters of networks with a distrib- 
uted load. A.A. Derkach and V.M. Sin’kov. (pp. 15-22). 


An attempt is made to find a method which would be free of all assump- 
tions or technical or economic limitations and could be used to solve 
equations linking the various forms of expenditure on the equipment and 
operation of electrical networks in order to ascertain the optimum radii 
at 1 to 3 degrees of voltage, the voltage losses at each degree of volt- 


age and the economic current density. 


Electromagnetic pumps for molten metals. A.I. Voldek. (pp.22-28). 


The paper surveys the method and theory of electromagnetic pump design 1960 
particularly in view of their growing value for nuclear reactors. Dis- 

tinguishing conduction and induction pumps the author describes and 

discusses d.c. pumps, single phase a.c. pumps, cylindrical linear induc- 

tion pumps, spiral induction pumps with rotating inductors and refers 

to other types of electromagnetic “pressure pumps” and mixers. 


Variable-polarity excitation of synchronous condensers for reactive 
power consumption performance. N.I. Sokolov. (pp. 28-31). 


The reactive power of a synchronous machine depends on the excitation 
current or the e.m.f. proportional to it for a synchronous resistance, 
the voltage at the terminals and angle of rotor shift (0°) relative to 
voltage. After considering the operating conditions of compensators 

when 6 # 0, the author considers the regulation of a synchronous com- 
pensator under angles of rotor shift when © # 0 by a simple regulator 
under the conditions of reactive power consumption. The utilization of 


synchronous compensators 1s in reased by 30 to 60%. 


Excitation systems for variable-frequency induction motors. A.T. Golo- 
van and I.M. Kruglianskii. (pp. 31-36). 


As no method has as vet been pul lished tor selecting the circuit and 


calculating the parameters of synchronous sel f-exciting machines work- 


1s variable frequency generators, and the possibility of regulating 
has still to be elucidated, 


ing 
frequen y without switching the capacitor 
the chair of Electrical Equipment tor Industrial Undertakings at the 
Moscow Power Institute has made a special study of these problems. It 
is claimed that continuous frequency variation can be produced over a 


wide range. Generator efficiency 1s increased at low frequencies by 
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lowering the speed of the drive motor. Capacitance for the excitation 
of 1.7 kW machines is 450 to 500 LF with maximum range of regulation. 


The use of a low frequency machine as generator with a low secondary 


voltage is not advocated. The generator should have a slightly smaller 
active resistance in the rotor winding than the usual induction motor. 


V.A. LTakovenko. (pp. 36-39). 


Simplified methods are proposed for calculating the increases in the 
commutation flow based on the fact that the load current of a d.c. 
machine varies very slowly. Good agreement is obtained with experiment- 


ally found values. 


Grid control of mercury arc rectifiers by means of half-wave magnetic 
amplifiers. S.S. Roizen. (pp. 39-45). 

The introduction of such highly productive equipment as reversing roll- 
ing mills makes special demands on electrical drives as regards operat- 
ing speed and control accuracy. The use of a magnetic amplifier with an 
internal feedback for simultaneously creating a steep front of the net- 
work voltage and displacing this front enables a grid control system to 
be developed with a delay time which does not exceed several periods of 
the supply voltage. There is however a limited range of variation in 
the ignition angle and the width of the trigger pulse is variable. The 


single phase scheme is given special attention. 


Calculation of the commutation reaction magneto-motive force in d.c. 
machines for brush overlapping (sparking) greater than unity. 

V.V. Fetisov. (pp.46-50). 

To calculate the transient states in d.c. machines and design dynamo- 
electric amplifiers (amplidynes) it 1s necessary to calculate the com- 
mutation reaction of the armature. This is considered very complicated 
owing to the complex physical phenomena of the commutation process. 
After criticizing various other methods the author proposes a method 

of calculation for commutation with brush sparking considerably greater 
than unity which is suitable for usual values of brush sparking 1n any 


type of armature winding. Two examples of the method are given. 


On electromagnetic calculations on d.c. machines which account for the 
cooling of their windings. N.A. Panfilov. (pp.50-54). 


When the electromagnetic parameters of d.c. machines are selected the 


magnetic flux usually corresponds to the saturated state of the mag- 
netic system and the permissible temperature rise in the windings does 
not always ensure that the output of the machine 1s optimum. Here the 


4 
671 
; 
a 


Abstracts 


author considers the determination of the optimum magnetic flux the 
deciding factor. Criteria are produced for evaluating the output or 
temperature rise in the windings of d.c. machines in which the magnetic 
flux corresponding to the saturated state of the magnetic system 1s op- 


timum. 


Derivation of the integral equations for non-linear circuits using oper- 
ational calculus. V.M. Glinzburg. (pp.54-58). 

The calculation of steady state and transient processes in circuits con- 
taining non-linear elements is facilitated by relating the mathemati« al 
operations involved in calculating both the linear and non-linear ele- 
ments in the scheme under consideration to the non-linear part of the 
scheme alone. Two examples of the method are given: one example applies 
to the steady state of a valve generator and the other to the dynamic 


stability of a system with three generator stations. 


Calculation of the current in an R-L circuit with half-wave rectifica- 
tion. A.I. Glukharev, L.A. Foigel and N.B. Gelman. (pp. 58-60). 


In view of the practical difficulties involved in analytically calculat- 
ing the mean value of the rectified current when an active inductive 


is present in the circuit for the use of single hal f-period 


resistance 


rectification, the authors deduce a simpler analytic al dependence of 


the current on the magnitude and relationship between the active ft 
The method is directly applicable to long dis- 


ise 


tance and inductance. 
transmission systems with an inductive converter when the signal 


(moving coil) meter (logometer). 


tance 


is registered by a magneto-electric 


The electrical and physical properties of electrical insulating mater- 


ials when subjected to radioactive radiation. h.A. Vodopianov, 
B.1. Vorozhtsov, I. Potakhova and N.1. Ol’ shanskaia. (pp.60-00). 
The experimental data are given of a study of the effect of gamma-rays 


on the electrical and physical characteristics of high polymer dielec- 


trics, silicone-organi and pt enoforma!dehvde lastics. 


A transistorized d.c. transducer with internal magnetic stabilization. 


Poiurovskii. (pp. 66-70 


An analysis 18 made of the per forman e and design of a converter with 


ensures effective stabilization of the 


magnetic stabilization whict 
feedback circuits 


output voltage and irequency. . e power losses in the 


reduce its efficiency but not significantly. 
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Thermo-resistor KMT-14. A.L. Burkin, O.N. Filippova and I.T. Sheftel. 
(pp. 71-73). 


An account is given of newly developed Soviet KMT-14 type thermal resis- 
tances capable of operating at temperatures up to 300°C. 


Designing cooling systems for transistors. 5.1. Fedorov. (pp. 73-76). 


A mathematical study is made of additional heat dissipation in the 
industrial use of triodes. The use of novel radiator shapes other than 
plates is discussed. The anodizing method of producing ferrous plates 
is advocated in place of varnishes and paints. Lead foil 80 to 100 
micron thick is applied to increase the area of contact between radiat- 


or and triode. 


Non-linear capacitors using Rochelle salt materials. M.M. Nekrasov (pp. 
76-79). 

A tertiary Rochelle salt non-linear electrical system is discussed which 
is claimed to combine high dielectric permeability, negative capacitive 


change with applied voltage and low dielectric losses. 
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